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In many applications such as in paints and coatings, pigments are mixed with
polymeric binders to generate the final product. In the coating of paper, properties
like strength, durability, and print quality are affected not only by the binder type, but
the final location of the binder relative to the pigments and the fibers. During the
application and drying of a paper coating, binder is known to migrate. A number of
methods are available to measure the migration of latex or starch. However, all of
these methods have some limitations, especially when starch, latex and kaolin are
components of the coating system.
Methods to tag various components with fluorescent molecules are used in
this work to help understand their position within coating layers. Rhodamine B is
used to tag latex using a physical adsorption process. Fluorescein isothiocyanate
(FITC) is used to fluorescently tag cellulose nanofibers (CNF) and starch with water
phase reactions. A confocal laser scanning microscope (CLSM) is used to image
fluorescently active samples. Methods to coat, prepare samples, and analyze the
results are developed. Using fluorescently tagged starch and latex, a variety of

coatings were made on three different substrates to study how different coating and
process parameters affect binder migration. This work is unique in that the location
of both starch and latex could be determined in respect to one another, as well as the
paper substrates.
Two separate methods are proven successful to tag CNF with FITC: (1)
covalent binding and (2) physical adsorption. Several stability tests prove that the
adsorption of FITC to CNF is strong enough for coating studies. Increasing the solids
content of CNF lead to a decrease in CNF penetration into the base paper. In addition,
adsorption and stability of various other dyes were successful in determine the
mechanism for the adsorption of FITC to CNF.
A new method to tag starch with FITC in water was developed. Using this
method, starch at 3.3% functionalization with FITC was produced. Mixtures of starch
and latex coatings on paper showed starch deeper into the paper for all three paper
substrates. However, when pigments where present, on the newsprint, latex is seen
deeper in the paper than starch, while the starch is seen deeper into the substrate for
both the wood free and blotter papers. These results are consistent with reverse
capillary flow during drying that is able to pull the water and starch back towards the
surface when pigments are present to form a fine pore structure. In addition, the
blotter paper showed the least binder migration because of the reverse capillary flow.
The ground calcium carbonate (GCC) pigment showed the largest binder
separation with the most coating penetration into the various substrates compared
to the other pigments; GCC was the bulkiest pigment that forms large pores when

dried. The clay pigment which was the smallest pigment, on the other hand, showed
the least binder separation and penetration into substrates.
The influence of other parameters was characterized. As the amount of starch
in the coating increased, migration decreased. This result likely is caused by an
increase in the coating viscosity. The influence of drying rate, for the conditions
studied here, were minimal with the exception of slow drying on newsprint; here
rapid drying seems to trap latex and starch deep inside the paper. The amount of
binder separation and penetration into the substrate increased as the coating
thickness increased.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
Paper is coated for a variety of reasons that affect certain paper qualities such
as brightness, gloss, smoothness, and ink receptivity. Paper coatings are made up of
pigments that are held together by binders. Pigments are fine particles that act to
scatter light and fill in low regions. Different types of pigments are used such as kaolin
clay, titanium dioxide, and calcium carbonate. Binders are used to help the pigments
adhere to the base paper and to each other. The two main binder types used in the
paper industry are synthetic latex and starch. Styrene-butadiene (SB) latex and
styrene-acrylic latexes are predominately used in industry. The starch used in
industry is typically an ethylated starch that is well cooked before adding it to the
coating formulation. A number of other additives, such as pigments, colorants/dyes,
dispersants, lubricants, insolubilizers, and preservatives are often used to impart
various properties of the coating layer or to improve other steps such as calendaring
(Ray and Hall, 1995). These aqueous coatings are applied to the paper at high speeds
and dried. The binders are able to migrate relative to the pigments either into the
base sheet or towards the top of the coating during coating and drying (Whalen-Shaw,
1993). This migration can lead to quality issues such as strength or uniformity
problems. Non-uniformities of the binder in the plane of the paper are thought to be
related to printing issues such as back trap mottle (Whalen-Shaw, 1993). Paper
qualities like strength, brittleness, ink absorption, and printability change with binder
migration since the coating composition is not uniform throughout (Whalen-Shaw,
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1993). Since binder is the highest cost component in coatings, it is important to
understand binder migration and its causes.
Recently, there is an interest in developing water based barrier coatings for
paper and paper board. The performance of the barrier performance has recently
been linked to the penetration of components into the paper base (Raditya et al.,
2016). The potential of using cellulose nanofibers (CNF) to create an oxygen barrier
layer is of high interest in hopes of developing all cellulose based packaging systems.
It becomes important to be able to understand the final distribution of various
materials that are applied to paper that is not expensive and is quick to accomplish.
A number of other methods are available to measure the migration of latex or
starch during the coating of paper. However, all of these methods have some
limitations, especially when starch, latex, and kaolin are components of the coating
system. This work developed methods to tag various components with fluorescent
molecules to help understand their position within the final product.
1.2. Objective of Research
The first objective of this work focused on the fluorescent tagging of CNF. The
previously reported method of fluorescein isothiocyanate (FITC) tagging was applied
to CNF to ensure efficiency of tagging. CNF was adsorbed with various fluorescent
dyes to understand the adsorption mechanism of CNF. With this, studies on the
potential migration of CNF when they are coated onto paper were performed. This
study focused on fluorescently tagging CNF for binder migration studies with some
preliminary testing of the tagged CNF in coatings.
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The second objective of this work focused on FITC tagging of starch in water.
In order to be able to determine the distinct location of starch within a coating layer,
it needs to be fluorescently tagged. The previously used method (Golebiowska, 2015)
for tagging of starch involves dimethyl sulfoxide (DMSO) as a solvent. While this is
fine for lab scale studies, larger quantities of tagged starch may be of interest for pilot
scale studies. In this study, the tagging reaction was optimized to efficiently tag large
quantities of starch.
The final objective was to study the effect various coating parameters on
binder migration. One parameter of interest was the pigment geometry, such as the
shape and size of the pigment, on binder migration. In previous studies (Golebiowska,
2015), larger pigments enabled migration of latex while smaller pigments did not.
Using different types of pigments showed an optimal pigment size that decreased
binder migration. Similarly, binder type and amount can affect binder migration. The
addition of different amounts of starch and latex to the system may alter binder
migration drastically. Studying different ratios of starch to latex and binder to
pigment within a coating formulation can be used to determine an optimal ratio of
binders and binder to pigment to limit binder migration. Finally, the last parameter
studied was the coating and drying methods. Binder migration may occur during the
coating or drying process which can alter the properties of the coated paper from the
targeted properties.
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1.3. Description of Thesis
The organization of this thesis is briefly discussed below. Chapter 2 is a
literature review that consists of various binder migration studies, paper coating
qualities influenced by binder migration, image analysis techniques used in the past
for coatings, and staining methods for both starch and latex. Chapter 3 presents
results and discussions on the three step FITC functionalization reaction in water
used to tag CNF, as well as a discussion on dye adsorption on CNF. Chapter 4 contains
a series of model coatings that ensure that the functionalized starch, coating, and
analysis methods are suitable for use in further coating studies. Chapter 5 discusses
the results and discussions of coatings made using different types of pigments, binder
ratio studies, and different process parameters, including drying rates and coat
weight studies, on binder migration. Chapter 6 concludes the thesis with key
observations and further recommendations.
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CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
This investigation focused on previous research work on the binder migration
in paper coatings and coating characterization. Some studies contain different
imaging techniques for analyzing paper coatings. Binder staining, including different
fluorescent tagging methods, have also been investigated. Other binders, like CNF,
have barrier properties against water and oxygen which can be used in coatings in
place of starch. Several works focused on the use of CLSM for imaging as well. This
literature review is organized into four general sections: binder migration, imaging
techniques, and fluorescent tagging. The binder migration section focuses on the
basic causes of binder migration that have been investigated. The imaging techniques
section includes techniques that have been used in the understanding and
characterization of paper coatings. The last section focuses on the different ways
binders and even pigments have been stained or tagged with fluorescent indicators.
2.2 Binder Migration
Binder migration has been a concern in the paper industry for over 30 years.
While some advances have been made in our understanding, a number of questions
remain. Coating formulations for paper and board often contain a synthetic latex
binder, such as styrene-butadiene copolymer, a natural binder, such as starch or
protein, and pigments (Van Der Reyden, 1993). When coating systems are applied
onto paper, it is known that these binders can move relative to the pigments and the
paper surface leading to concentration gradients of binder in the thickness direction
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(Whalen-Shaw, 1993). A debate exists over the basic mechanisms that cause binder
migration. Capillary forces and application pressure are known pull the water phase
into the base sheet. With this flow, binder can be pulled into the paper to some extent
(Lepoutre, 1989). During drying, as water leaves the menisci near the top of the
coating layer, binder seems to be able to concentrate at the surface of the coating
(Hagen, 1986). It has been determined that intensive drying conditions (short periods
of drying at very high temperatures) lead to greater binder migration while mild
drying conditions (longer periods of time at lower temperatures) are recommended
to maintain a more uniform thickness profile of coatings (Arheilger, 1978. Schut,
1972).
Binder migration creates coating layers that are not uniform in the thickness
direction. This non-uniformity may in turn can create coatings that can result in
several surface failures such as coating interface failure, and coating layer failure
(Evanoff et al., 1983). In most instances, the failures that occur are both interface
failures and coating layer failures, as shown in Figure 2.1 (Engstrom and Rigdahl,
1992). A failure at the coating interface occurs when the coating is not sufficiently
adhered to the base paper and happens when there is not enough binder at the
interface. A coating layer failure occurs when the binding between the pigment and
the binder is insufficient. Insufficient binding happens when the binder is not evenly
distributed within the coating layer. In some cases, the coating cannot adhere to the
base paper due to latex crosslinking during the film formation stage of drying (Taylor
and Winnik, 2004).
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Figure 2.1: Surface failure of interfacial and cohesive failure of a coating, from
Engstrom et al., 1992.
Paper properties and quality affected by binder migration is especially
important in the printing industry. The surface binder content can influence the print
density and ink receptivity (Zhen and Wang, 2013; Zang and Aspler, 1998). During
printing, a phenomena called back trap mottle sometimes occurs where ink is
transferred several times in the nips of a press in a non-uniform manner: non-uniform
setting of the ink is now understood to cause this defect (Xiang et al., 1999). This nonuniformity was thought to be a result of non-uniform binder distribution in the plane
of the paper. Samples with back trap mottle were studied using the CLSM to
characterize the coating layer structures and chemical uniformity of paper coatings
(Ozaki et al., 2008). CLSM imaging of ink has increased the understanding of printing
mottle by fluorescently staining alkyd resin prior to printing. Figure 2.2 shows CLSM
images of inks printed with and without print mottle. In this experiment, half tone
dots were printed with both cyan (dark spots) and magenta (bright spots) ink. The
study showed that there were uneven distributions of the resin and the resin
penetrated little in thin areas of coatings. Printing mottle is caused by uneven ink
absorption on non-uniform and inconsistent paper coatings. One study has shown
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that the variable base paper weight and distribution also caused print mottle (Graab,
1983). The variability in the base paper creates paper coatings that are non-uniform,
leading to poor printing.

Figure 2.2: CLSM images of ink printed with (bottom) and without (top) print mottle
from Ozaki et al, 2008.
Mathematical models of binder migration have been developed in the past.
One particular model focused on the migration of starch in a coating (Bernada and
Bruneau, 1996). The model takes into consideration shrinkage of the coating layer
during consolidation as the coating dries. Buss et al. (2011) developed a 1D model to
represent how drying conditions change polymer distribution throughout a coating
layer. Another model shows how the capillary forces and viscous resistance during
drying affect binder migration (Pan, 1995). This model focuses on pore level physics
associated with diffusion and convection in the liquid distribution of a coating and its
effects on binder migration. In addition, Bernada and Bruneau (1996) was able to
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create a representative model of starch migration that took into account coating
shrinkage due to drying.
Experimental methods have attempted to measure binder migration. Coatings
of different binders have different types of binder migration. Systems containing
binder and pigments have also been studied. Zang et al. (2010) studied latex and clay
pigment systems to determine that latex particles migrate to the surface of the
coating. Studies of latex and calcium carbonate coating systems determined that latex
migrates from center of coating to surface of the coating (Al-Turaif and Bousfield,
2005). Another study looked at the structure of the latex within a pigment coating
(Häkkänen and Korppi-Tommola, 1998) and determined that the surface of the
coating was latex rich. Yang (1992) studied latex coatings containing pigments to
determine how pigment particle size affects migrations. The study concluded that the
larger the pigment particles, the more binder migration occurred. Similarly, another
study showed that latex in the presence of pigments has a tendency to move in the
direction of water into absorbent base papers during drying (Chattopadhyay, 2014).
This was confirmed by Bitla et al. (2003) by using Raman methods to observe that
larger pigments promote latex binder migration. One study determined that pigment
consolidation with latex present can be decreased by adding more water to
redistribute the latex and pigments more evenly (Watanabe and Lepourte, 1982).
Chattopadhyay (2014) also studied coatings containing starch and pigments, as well
as starch, latex and pigments. When these systems were coated and dried on
absorbent paper substrates, the surface of the coating layer was predominately
composed of pigments with the starch and latex migrating towards the base paper.
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There are limited studies that focus on how binder migration was altered or affected
by both starch and latex in a coating system which makes the understanding of how
both binders migrate within a coating layer limited.
Based on the type of substrate, the binder migration in the coating layer
changes. A study by Jayme and Damaso (1972) using different coating substrates and
latex systems determined that substrates with larger pore sizing and higher water
adsorption causes more binder migration. Another study focused on porous vs.
nonporous paper substrates (Krishnagopalan and Simad, 1976) which showed more
binder migration in the porous paper substrates. This study created a drying
mechanism for latex systems that would account for differences in porous and nonporous paper substrates based on capillary forces. Similarly, a previous study looked
at binder migration caused by water retention polymer, like carboxymethylcellulose
and hydroxyethylcellulose (Malik, 1992). The study concluded that polymers with
high water retention rates decrease binder migration. These studies do not include
coatings that contained both starch and latex.
For the majority of previous binder migration studies, the systems observed
were latex systems. Some studies looked at how the addition of pigments affected the
migration of latex. However, these reported studies did not take into account how
starch would affect latex migration. These studies also did not look at starch and
pigments systems. The lack of information about coatings made up of starch, latex
and pigments create a gap in the knowledge of binder migration for the paper
industry since typical coatings are comprised of all three components.
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2.3 Characterization Techniques
Researchers in the past have used a variety of different techniques to try to
characterize coating in the study of binder migration. Some of the methods used
include ultraviolet (UV) methods, scanning electron microscopy (SEM), atomic force
microscopy (AFM), Raman microscopy, and confocal laser scanning microscopy
(CLSM). Binder locations have been characterized in paper coatings using UV
absorption (Fujiwara and Kline, 1987). By measuring the spatial distribution of the
UV absorption of SB latex at different wavelengths, the locations of the latex were
determined. In this study, UV adsorption was used to conclude that rapid drying
methods of latex coatings created more unevenly distributed coating surfaces than
moderate drying methods. Similarly, Whalen-Shaw (1993) showed that using UV
absorption, surface profiles of various coatings can been obtained. Reflected UV light
was absorbed to determine concentration profiles of binders. UV absorption cannot,
however, distinguish between starch, latex, and pigment in a mixed paper coating.
Attenuated total reflectance (ATR-IR) infrared spectroscopy has been used to
measure concentration of binder at the top layer of a coating. A previous study
focused on using ATR-IR to determine the composition of a coatings containing latex
and pigments (Chattopadhay, 2014). Each of the coating components correlate to
different individual peaks in ATR-IR spectra. Similarly, another group was able to
determine the surface composition of latex in a pigmented coating using ATR-IR
(Halttunen et al., 2001). In the work of Chattopadhyay (2014), the concentration of
starch, latex and pigment at the surface of coatings was also characterized using ATRIR. The issue with ATR-IR spectroscopy is that it is sensitive to the presence of water.
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Any small amount of water within a sample will be picked up by the spectrometer.
However, since the coating components all have bands in the higher wavenumber
regions, the presence of water does not interfere with accurate readings of the
component bands. Another issue with ATR-IR spectroscopy is that the kaolin clay and
starch have similar absorption peaks which makes it difficult to distinguish between
the two.
In addition, previous work has successfully used Raman spectroscopy for
analyzing paper coatings He et al. (2002). Bilta et al. (2003) showed latex migration
to the surface of pigmented coatings while analyzing the surface of paper coatings
using Raman spectroscopy. Different components of a paper coating can be correlated
with different bands within the Raman spectrum. Vyorykka (2004) was able to
generate compositional maps of the surface of coatings using confocal Raman
microscope of pilot scale samples. The key issue with Raman spectroscopy is that
fluorescence of kaolin can overpower the signal of the coatings so the bands are hard
to distinguish and to determine an accurate concentration of the components when
kaolin is present. However, one study did develop an oil immersion method to try to
limit the amount of spectra overlap of different components (Vyorkka, 2004). With
this technique, the fluorescence activity of kaolin clays is limited, allowing kaolin
clays to be distinguishable in a Raman spectra. Raman spectroscopy can be used to
determine location of binders; however, optimal conditions for data acquisition need
to be determined to remove the affects of fluorescence in the spectra.
SEM analysis can be used for various different studies that focus on the overall
structure of the coating layer. SEM has been used to determine variations in coating
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thicknesses of different coating samples on lightweight coated papers (Allem, 1998.
Chinga and Helle, 2003). Another study by Chinga and Helle (2002) used SEM to study
the void volume fraction and surface roughness of coating layers using SEM. Similarly,
Laudone et al. (2005) used experimental SEM analysis to create a predictive model of
how porous coating behave during coating and drying. Alternatively, base sheet
properties were characterized through the use of SEM (Dahlström et al., 2008). Kugge
et al. (2004) studied the surface properties of coatings containing different
compositions of binders and pigments. The study determined that regardless of
composition, finer pigment particles within the pigment size distributions migrated
towards the surface of coatings creating smoother coatings. In addition, higher
compositions of latex in coatings resulted in rougher coating surfaces. The SEM was
also used in addition to transmission electron microscopy to detect and locate large
starch granules within coatings (Sujka and Jamroz, 2013). A recent example from
Dahström et al. (2011) used ion milling in sample preparation for SEM analysis. In
this study, backscattered electron images and secondary electron images were used
to obtain detailed positions of latex and pigments with latex located in smaller pores
while the pigments occupied the larger pores, as depicted in Figure 2.3. These recent
results show an important finding: latex binder tends to accumulate around find
pigment particles leaving large pigments with little binder. This binder distribution
may lead to weak regions within the coating layer.
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Figure 2.3: (Left) SEM image and (right) backscattered electron microscope image of
coating cross section, from Dahlström and Uesaka, 2012.
With all these different applications of the SEM, however, standard SEM
imaging does not yield a method to determine the location of starch, latex and
pigment compared to cellulose fibers. In addition, good cross sections usually involve
resin embedding and careful cutting that requires a large amount of sample
preparation time. In addition, samples need to be treated with osmium tetroxide
(OsO4) prior to imaging which can be a dangerous and tedious process. Other contrast
agents for starch and latex are discussed later in this chapter.
Another method used for coating characterization is atomic force microscopy (AFM)
analysis. The detection and location of large starch granules, as done with the SEM,
has also successfully been done with AFM (Figure 2.4) (Baldwin et al., 1997);
however, in this particular study, low voltage scanning electron microscopy (LVSEM)
was used to verify the AFM analysis. The LVSEM image shows the uneven surface
distribution of the granules as a whole. The AFM image shows a higher magnification
of the granules where the granules can be seen individually. AFM has been used by Di
Risio and Yan (2006) to characterize latex distribution in the presence of large
particle sized pigments. Similarly, Patel et al. (1996) showed that films formed from
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latex blends showed that latex particles fill up voids in between other coating
components like pigments using AFM. The major limitation of AFM is the high
resolution of the images which focuses on a small area of the coating which creates
an uncertainty of whether the small region in the image is an accurate representation
of the overall coating. The only way to distinguish between binder and pigment using
AFM is by particle size analysis. In addition, the binders cannot be distinguished
between one another.

Figure 2.4: (Left) LVSEM image and (right) AFM image of starch granules surface,
from Baldwin et al., 1997.
More recently, paper coatings have been characterized using CLSM methods.
One of the first works using the CLSM was by Ling et al. (1998) where the CLSM was
used to characterize the topography and morphology of polymer coatings. Although
this was not done on paper, it was one of the first successful methods for determining
the regions within a coating layer where the polymer is located. Hu et al. (2010)
studies the horizontal and vertical distributions of epoxy resins and pigment coatings
on release paper. Using the CLSM, the study determined there was slight difference in
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the horizontal dispersion of pigments with a large difference in vertical dispersion.
Starch has also been studied using the CLSM. One study focused on the detection of
the location of starch granules (Naguleswaran et al., 2011). Another group was able
to fluorescently tag different types of starches with several fluorescent probes like
fluorescein isothiocyanate, rhodamine B and safranin O (van de Velde et al., 2002).
The tagged starch was added to protein and imaged to compare the various starch
granules formed.
The use of the CLSM in paper coatings is limited. Two particular studies have
used CLSM imaging to obtain information about ink on coated paper during printing.
The first study was able to successfully use CLSM imaging to give quantitative data
about the location of ink (Tefft, 2007). Similarly, Ozaki et al. (2006) was able to study
the penetration of ink using CLSM imaging. Although the CLSM can be used to
distinguish between different coating components, the components of the coating
have to be fluorescently active, which adds in an additional step to the imaging
process.
2.4 Contrast agents, Fluorescent Staining and Tagging
The benefit to staining paper samples post-coating is that any type of paper
sample can be stained. Various industrial papers and lab bench papers can be stained
the same way and analyzed. Different coating and drying procedures can be
compared for a better understanding of binder migration. The use of contrast agents
or staining of latex in paper coatings has been attempted by a few researchers such
as Dahström, Ozaki, Sosnowski, and Katz. One contrast agent used for staining was
fluorine (Dahström et al., 2011). The use of fluorine as a contrast agent for latex
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produced good quantitative information for the latex on the surface of coatings;
however, no location data within the depth of the coating layer could be obtained.
Samples that contain latex can be treated with osmium tetroxide (OsO4) to give a clear
picture of the latex location in scanning electron microscope images (Dahström and
Uesaka, 2012). The compound binds to the double bonds of the polymer producing a
strong contrast of the latex compared to the rest of the sample. One particular work
reported impressive pictures showing latex and pigment position in detail after OsO4
treatment (Dahström and Uesaka, 2012). Another study looked at the microstructure
of latex and pigment systems using OsO4 staining for the latex to observe the changes
latex particles undergo during binder migration (Ming et al., 1995). However, this
treatment only separates latex from other components. If starch is present, it would
be hard to distinguish between the pigments and cellulose. In addition, OsO4 is a
dangerous compound that requires careful handling. Binders have also been treated
with bromine to determine the concentration of binder in coatings (Tomimasu et al.,
1986).
Ozaki et al. (2006) showed a method to stain latex in coatings with rhodamine
B to produce three dimensional images in a CSLM by soaking samples in a 0.03 wt %
solution of rhodamine B and ethanol. Samples were subsequently rinsed with ethanol
to remove unbound rhodamine B and dried overnight. This technique yielded CSLM
images with dyed and undyed regions, but the results did not confirm whether the
dye was specific towards the latex or that the dye actually adsorbs to cellulose and
other materials. The potential lack of dye specificity causes some uncertainty as to
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the location of the latex. Samples that contain starch were not studied. This method
would have difficulty distinguishing starch from cellulose fibers and pigments.
Latex has also been tagged with fluorescent dyes for various applications. In
most cases, the dyes are incorporated into the polymerization process of latex. Sulfate
functionalized latex was stained with rhodamine 6G to characterize the surfaces of
latex particles (Charreyre et al., 1995). This particular work did not study latex
migration, rather it studied the ability of different latexes to be stained with
rhodamine 6G. Similarly, the fluorescent dyes phenanthrene, anthracene, and 4nitrobenzo-2-oxa-1,3-diazole were added to the emulsion polymerization of latex to
study the dye distribution for polymer tagging (Sosnowski et al., 1994). In addition,
one study was able to successfully functionalize latex with FITC (Medina, 2006): this
study focused on synthesizing uniformly fluorescent latex through a semi-continuous
emulsion polymerization process. Various dyes were used to ensure the semicontinuous process was successful in achieving uniformly fluorescent latex in
suspension. Although introducing dyes during polymerization is effective, it is not
optimal for use in industry. Latex was tagged in vitro using a photoactive chlorine dye
to understand drug delivery systems (Madison et al., 1990). Similarly, rhodamine was
used for in vitro tagging of latex as well (Katz et al., 1984). One study looked at cell
uptake of fluorescent, non-degradable polystyrene latex microparticles (Pappo and
Ermak, 1986). Another application of fluorescent latex was through UV radiation of a
bitumen-latex copolymer to study the distribution of the latex within the bitumen
(Sengoz and Isikyakar, 2008). None of this work was focused on binder migration in
paper coatings.
18

The tagging of starch has also been investigated but not coated on paper.
Fluorescent tagging along with CLSM imaging has been used to image powdered
dextran-rice mixtures (Achayuthakan et al., 2012). A fluorescein derivative has been
used to label starch to turn starch into a temperature and pH probe for biological
systems (Guan and Su, 2008). A lengthy process was used to synthesis these
fluorescein derivatives. Further testing did show that this fluorescein derivative
labeled starch is stable at various temperatures and pH values. Another study
synthesized magnetic starch particles in water-in-oil microemulsion that were then
tagged with FITC (Guan and Su, 2008).
Staining starch with iodine is a standard method in the paper industry to
determine the location of starch (Figure 2.5) (Lipponen and Astola, 2004). Raman
spectroscopy has been successful in showing iodine stained starch within paper
coatings (Pigorsch et al., 2013). One of the limitations of staining starch with iodine is
that cellulose fibers present in paper substrates have a similar structure to that of
starch and could potentially be stained along with the starch. In addition, latex within
a coating layer could also be potentially stained by the iodine. Although iodine can be
seen in optical microscopes, it is not useful for imaging with fluorescence microscopes
as it is not fluorescently active.

19

Figure 2.5: Cross section view of iodine stained paper, from Lipponen and Astola,
2004.
Starch staining has been performed in industries other than the paper
industry. In a recent study, hydrothermal treatment of starch with polyethyleneimine
(PEI) was used to create fluorescent organic nanoparticles (FONs) that were imaged
with a CLSM as shown in Figure 2.6 (Liu et al., 2015). Not only was the PEI-starch
FONs excited using two different laser wavelengths, but the basic structures of these
molecules was determined using the CLSM. In addition, starch acetate has been
labeled with fluorescein isothiocyanate (FITC) in the form of nanospheres (Liu et al.,
2015). These results show that starch can be tagged with fluorescent molecules in
various ways; however, using starch acetate as a starting material is not a feasible
option for paper coatings. In our previous study (Golebiowska, 2015), ethylated
starch was tagged with FITC following a modified previously reported procedure (Li
et al., 2011) where starch was dissolved in dimethyl silfoxide (DMSO) with the
presence of DBTDL catalyst.
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Figure 2.6: CLSM images of PEI-starch FONs: (A) bright field, (B) excited with 405
nm laser, (C) excited with 458 nm laser, and (D) merge image of A, B, and C,
from Li et al, 2011.
2.5. Summary of Previous Work
Previous work on fluorescent tagging of starch and latex (Golebiowska, 2015)
was unique in its method of imaging fluorescently active starch and latex,
simultaneously, to determine each binder’s individual location. With the requirement
of two dyes with little overlap in their fluorescent spectra, FITC and rhodamine B
were acceptable choices for the starch and latex respectively.
The post coating staining of starch only and latex only coatings concluded that
FITC and rhodamine B were not strictly selective to starch and latex, respectively.
Both dyes stained both binders present in the coatings. As a result, starch and latex
needed to be fluorescently tagged prior to coating. Some other dyes may be more
selective, but it is not clear at present if such a dye is available. Using a modified
procedure for tagging, starch was covalently bound to the FITC, while latex was
tagged by adsorption with rhodamine B.
Mixed coatings of starch and latex showed that separation of binder does exist
and is a function of the paper absorbance. Paper substrates that are more absorbent
tend to have larger separation of binders whereas less absorbent paper substrates
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have little separation. The study found that as the paper substrates absorb more
water, they pull more starch into the base paper.
Overall, using the CLSM for imaging of the fluorescently tagged binders was
successful in that each binder’s position and location was distinguished within the
coatings. The ability to determine the location of each binder in a mixture is crucial
for the further understanding and monitoring of binder migration.
2.6. Conclusions
Many important discoveries have been reported in terms of binder migration
within paper coatings; however, there is still a shortage of knowledge in certain
aspects. Some of the current methods for studying binder migration include analysis
techniques like ATR-IR and Raman spectroscopy. While these techniques determine
the surface composition of coating layers, it cannot adequately determine the location
of binders and pigments throughout the entire coating layer. Other techniques like
SEM and AFM imaging can image physical cross sections of coating layers; however,
the binders and pigments are difficult to distinguish from one another. Using these
basic systems of latex and pigments, various parameters have been investigated like
substrate type, drying rate, and particle size; however, none of these studies included
the second binder, starch. The few studies that did include starch in the coating
formulations were only able to determine the surface composition of the coating
layers as the binders and pigments could not be distinguished from one another.
This work is novel in the sense that the location of both starch and latex can
be determined within a coating layer in the presence of pigments. Through the use of
CLSM imaging, binder migration can be determined using physical cross sections of
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coatings. As previous methods to independently and simultaneously describe the
locations of starch and latex in coated paper have limitations, the goal of this work is
to develop a new method to tag both starch and latex with a fluorescent dye to map
out the location of starch and latex in the final paper sample. Samples of starch only
and latex only were stained after coating to compare with the tagged starch and latex.
Simple samples are compared where starch is coated, dried and latex is coated on top
and the reverse of this.
In this thesis, the fluorescent dyes FITC and rhodamine B were used to tag the
starch and latex, respectively. The FITC was chosen for the starch because of the
known techniques that covalently bond the FITC to the starch molecules. The starch
tagging method was modified from a method that initially functionalized starch into
starch acetate to make it bond with the FITC (Li, 2011). Rhodamine B was chosen for
the latex because of the previously successful work with it tagging latex in paper
coatings. Both dyes are also commonly used in CLSM and commercially available as
well as cost effective. In addition, the two chosen dyes have fluorescence spectra with
regions that do not overlap for better distinction between the two in the CLSM stages.
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CHAPTER 3
FLUORESCENT DYE FUNCTIONALIZATION OF CNF
3.1. Introduction
Cellulose nanofibers (CNF) are fine scale fibers obtained from the mechanical
treatment of wood fibers with high surface area and individual fiber strength
(Bhatnagar and Sain, 2005). These unique renewable materials have great potential
to produce novel products such as formaldehyde free particle board (Amini et al.,
2017), plastic composites, medical devices, and packaging materials (Mousavi et al.,
2017). CNF can be used in filtration systems like membranes for biological
applications (Barhate and Ramakrishna, 2007) and to remove aerosols during air
flow (Munir et al., 2015). Barrier applications made with CNF can prevent microbial
growth and bacterial contaminations within medical devices (Lala et al., 2006).
Additionally, the barrier properties and biodegradability of CNF makes it a strong
candidate for use in drug delivery and medical device implementation (Dersch et al.,
2005).
One other area of interest to utilize the unique properties of CNF is to create
new paper-based materials. Due to its interesting properties, the use CNF as a binder
within a coating system (Richmond, 2014) or as a coating layer in itself (Honorato et
al., 2015, Mousavi et al., 2017) has been investigated. The addition of CNF to pigments
can create super hydrophobic paper that is resistant to moisture (Arbatan et al.,
2012). Coated CNF reinforces paper and can impart grease and air resistance which
makes CNF a material of interest for barrier coatings (Aulin et al., 2010). However, in
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the production of these products, the extent that CNF migrates into the paper during
the application and drying stages is unclear.
Imaging CNF on paper is challenging due to its high aspect ratio, nanometer
diameter, and chemical similarity to the paper fibers. Atomic force microscopy (AFM)
can give the morphology and size distribution of the fibers before coating (Bhatnagar
and Sain, 2005); however, once coated, the high resolution images focus on a small
area of the coating, which creates uncertainty of whether the small region accurately
represents the overall coating. Similarly, scanning transmission electron microscopy
(STEM) can image the individual fibrils of CNF (de Morais et al., 2010) and scanning
electron microscopy (SEM) yields detailed surface information, including
topographical maps of CNF films (Pei et al., 2013). The surface of CNF fibers on paper
substrates have been imaged using SEM (Fantini and Costa, 2009, Kumar et al., 2017);
however, CNF could not be distinguished from the paper fibers. Cross sections of
paper coated with CNF (Ottesen et al., 2017) showed an apparent concentrated layer
of CNF covering the paper fibers, but not whether the CNF migrated into the paper
structure. Using these various imaging methods, the location of CNF has been
challenging to distinguish from that of the paper fibers when used in paper coatings.
Moreover, these microscopy techniques give local information, but have difficulty
imaging over larger length scales. Light-based imaging techniques can give longer
range information and consequently paper coatings have been imaged with confocal
laser scanning microscopy (CLSM) and fluorescence microscopy (FM) to determine
the location of binders (Purington et al., 2017). However, these imaging techniques
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require that the samples imaged are fluorescently active, necessitating tagging CNF
with fluorescent molecules to implement these techniques.
To fluorescently tag CNF, work has focused on covalently attaching fluorescent
dyes to the CNF surface. Tagging has been conducted in organic solvents through
carbazole (Karakawa et al. 2007) and amine (Yang and Pan, 2010) functionalizations;
however, solvent exchange changes the CNF structure due to hornification. As a
result, functionalization with dyes under native conditions (i.e. water suspension) has
been a focus of research. Acid-alkali treatment of rice husks prior to mechanical
treatment (Kalita et al., 2015) has produced fluorescent phenylcoumarone groups
from lignin. More often CNF and other cellulose nanomaterials have been
functionalized in water after fabrication. One method has been to use chlorosubstituted triazine ring functionalized dyes to react with the hydroxyl groups of CNF
and cellulose nanocrystals (Zanmorano et al. 2011, Grate et al., 2015). Another
method has been to introduce amines to the cellulose surface in water. Cellulose
nanocrystals (CNCs) have been tagged through a three-step functionalization process,
which consists of epoxy functionalization, amine modification, and then coupling the
amine to fluorescein isothiocyanate (FITC) (Dong and Roman, 2007), rhodamine B
isothiocyanate (RBITC) (Mahmoud et al., 2010), or a pyrene based dye (Zhang et al.,
2012). This system has been modified to create a one pot series of reactions with both
FITC and RBITC (Nielsen et al., 2010). These modifications also have recently been
successful in tagging CNF with RBITC (Ding et al., 2018) for use in paper applications.
These tagging procedures chemically modify the cellulose surface and although often
low levels of modification are targeted, they can alter the surface chemistry and
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subsequent CNF behavior as compared to the native CNF. Less intrusive methods to
tag CNF are needed to ensure accurate imaging and CNF behavior.
A potential non-destructive way to tag CNF with fluorescent dye is adsorption.
Paper and regenerated cellulose have had a long history of being dyed through
adsorption by soaking these materials in solvents containing dyes like Sky Blue FF
(Neale and Stringfellow, 1933), benzopurpurine 4B (Hanson and Neale, 1934),
chrysophenine G (Willis et al., 1945), Direct Blue 15 (Nango et al., 1984), and others
(Maekawa et al., 1989, Agnihorti et al., 1972, Bae et al., 1996). Though dry cellulose
can successfully adsorb a wide range of dyes once placed in a solvent, pulp, CNF, and
CNC are already dispersed in the solvent, potentially complicating adsorption. By
amino-functionalizing of CNC to create surface positive charges, Jin et al. (2015)
adsorbed various anionic dyes through electrostatic attraction in aqueous solutions,
overcoming some of these challenges, but still requiring potentially material altering
reactions. A recent report indicates that Congo red can be added directly to CNF,
tagging through adsorption and suggesting that other dyes may do the same (Wang
et al., 2018).
Several mechanisms for dye adsorption to cellulose have been proposed and
measured for aromatic dyes like those that show fluorescent activity. Congo red
adsorption has been attributed to the electrostatic interactions between hydroxyls of
the cellulose and the polar groups of the dye (Pérez and Mazeau, 2005). Similarly,
both Congo red and calcofluor (Wood 1980) have adsorbed to a greater extent on
more functionalized polysaccharides which is consistent with an electrostatic effect.
Methylene blue can adsorb to CNC through a heterogeneous chemisorption
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mechanism where a monolayer of the dye coated fibrous surfaces in a hydrogel (Zhou
et al., 2014). Carbohydrate-aromatic (CA) interactions from van der Waals forces (CHπ interactions) and the hydrophobic effect also have been reported to explain
adsorption of aromatic molecules to carbohydrates such as cellulose in aqueous
environments (Chen et al., 2013, Asenio et al., 2012). These CA interactions as
opposed to electrostatic interactions likely account for most of the observed binding
in aqueous systems (Chen et al., 2013). The most notable example of observed CA
interactions has been the adsorption of aromatic residues to cellulose in the cellulose
binding domains of proteins (Linder and Teeri, 1997, Georgelis et al., 2012). Since
electrostatic interactions, van der Waals forces, and hydrophobic effects have all been
reported to affect aromatic molecule adsorption to cellulose or similar molecules,
likely all these could affect dye adsorption, requiring individual investigation of each
dye desired for tagging.
Since the structure of FITC is similar to previously absorbed molecules, we
hypothesized that FITC would adsorb to CNF, tagging it for CLSM imaging. In this
study, FITC was adsorbed to CNF and compared to a model FITC reacted CNF using
the three-step functionalization process described by Ding et al. (2018). During the
post functionalization analysis of the CNF, FITC was found to significantly adsorb to
CNF. Adsorption of other common dyes to CNF and their adsorption stability were
characterized. Tagged CNF was coated on paper and the penetration depth was
examined, demonstrating the utility of these tagging methods to track CNF in paper
and determining the relationship between CNF solids content and coating
penetration.
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3.2. Materials and Methods
The CNF used had a total solids content of 3.7 wt% made from softwood
bleached Kraft pulp and was obtained from the University of Maine Process
Development Center. To determine an average fibril diameter, the CNF was diluted to
0.04 wt% using DI water and evaporated on copper grids using uranyl acetate as a
negative dye. The grid sample was imaged by transmission electron microscopy
(TEM) (CM10, Philips) to characterize the CNF in terms of average fiber diameter.
Images were collected with the Gatan Microscopy software (v2.31) and analyzed
using ImageJ software (v1.48). For each TEM image, a 4x4 grid was inserted using
ImageJ and the diameter of every fiber that intersected the grid was determined. The
average fiber diameter of the CNF was determined to be 124 ± 25 nm.
Rhodamine B used for the tagging was purchased from Wako Chemicals.
Acridine orange, fluorescein isothiocyanate (FITC), Nile blue, and thioflavin dyes used
for the tagging reaction were purchased from Sigma Aldrich. The epichlorohydrin
(ECH), sodium hydroxide (NaOH), ammonium hydroxide (NH4OH), sodium chloride
(NaCl), sodium borate, acetone, and sulfuric acid were purchased from Fisher
Scientific and used without further purification. Newsprint was from an industrial
source and used for all coatings as it represents a medium thickness paper that is
highly absorbent, containing ground wood fibers.
3.2.1. Functionalization of CNF with FITC
A modified literature procedure was used to functionalize CNF with FITC
(Dong and Roman, 2007). The functionalization reaction of CNF with FITC was a three
step process. As seen in Figure 3.1, CNF was first functionalized with an epoxy group
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using epichlorohydrin (ECH). The epoxy group was then ring opened with ammonium
hydroxide to functionalize the CNF with amines. Lastly, the amines on the CNF reacted
with the isothiocyanate groups of FITC to yield FITC reacted CNF.

Figure 3.1: Chemical reaction scheme for FITC functionalization of CNF.
In an example procedure, epoxy groups were functionalized off the hydroxyl
groups by reacting 15 mL of 3.7 wt% CNF with 250 μL of ECH in the presence of 50
mL of 1.34M NaOH for 2 h at 60 °C. Unreacted reagents were removed by
centrifugation operating at 7000 RPM and washing with excess DI water five times.
To introduce the amine groups, the purified CNF was brought to pH 12 with 1.34 M
NaOH and reacted with 2.8 mL of NH4OH for 2 h at 60 °C. Afterwards, further
centrifugation at 7000 RPM and washing was done five times to remove unreacted
reagents. At this point, 0.07 g FITC was added to 50 mL DI water and stirred to fully
disperse for half an hour. Simultaneously, 1.05 g NaCl and 2.3 g sodium borate were
added directly to the CNF and stirred for half an hour. The FITC water was added to
the CNF and stirred overnight at room temperature in the dark to functionalize the
CNF with FITC. The reaction mixture was then centrifuged at 7000 RPM and washed
with excess water until the decanted water was clear and free of yellow color.
Aliquots of the CNF after purification were taken for UV Vis analysis.
The FITC reacted CNF was degraded with cellulase from Trichoderma reesei
(Sigma Aldrich). Approximately 1 mL of CNF (between 0.01 and 0.02 g dry weight)
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was lyophilized and sodium acetate buffer (pH 5) was added to the dry CNF to make
a 1 wt% solution. For every 1 mL of buffer used, 10 μL of enzyme was added, the
sample was vortex mixed for a few seconds, and then placed into an incubator at 50
°C overnight (18 h). The next day, 5 μL of enzyme was added to the sample and placed
into the incubator for another 2 h. Afterwards, the degraded CNF was placed in the
UV Vis spectrometer (Beckman DU 7500) for analysis with an air background to
determine the degree of functionalization of the CNF. The step size for the data
analysis was set to 1 nm and the sample absorbance was scanned from 400 to 600
nm.
3.2.2. Absorption of Fluorescent Dyes to CNF
Various fluorescent dyes were added to CNF to investigate the adsorption of
the dyes on CNF. For each dye, 0.05 g of dye (between 1.1 and 1.5 mmol dye per gram
of CNF) was added to 50 mL of DI water and stirred for half an hour to disperse
completely. Simultaneously, 20 mL of DI water was added to 30 mL of 3.7 wt% CNF
and allowed to stir for half an hour. The dye water was then added to the CNF and
stirred in the dark for two hours at room temperature. After two hours, the CNF was
centrifuged at 7000 RPM and washed with excess DI water until the decant water was
clear and free of color. Aliquots of the CNF after purification were taken for UV-Vis
analysis.
3.2.3. Evaluations of Adsorbed Dye Stability
Organic solvent stability. To examine organic solvent stability of the FITC absorption,
10 mL of the FITC adsorbed CNF was added into 200 mL acetone and stirred for two
hours. The acetone and CNF were centrifuged at 1550 RPM and washed with excess
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DI water three times. After the washes, the pH of the CNF was neutralized back to 7
using HCl. Aliquots of the CNF were prepped for UV-Vis analysis.
pH stability. To examine the stability of absorbed FITC to pH changes, FITC adsorbed
CNF was exposed to different pH values. Hydrochloric acid was added to adjust 5 mL
of CNF to acidic pH values of 1.5, 2, 3, and 3.5, separately, while NH 4OH was used to
achieve pH values of 10, 11, and 12, separately. Upon addition of the acid or base, the
CNF was stirred for five minutes. After five minutes, the samples were left for half an
hour before they were centrifuged and washed with excess DI water three times.
After the washing, the remaining CNF was neutralized to pH 7 and aliquots of the
adsorbed FITC CNF were prepped for UV-Vis analysis.
Salt stability. To examine the stability of adsorbed FITC, to salt solutions FITC
adsorbed CNF was washed with concentrated brine water. For this test, 10 mL of the
FITC adsorbed CNF was mixed with 200 mL of 1M NaCl water and stirred for two
hours. The CNF in brine water was centrifuged at 1550 RPM and washed with excess
DI water three times. The washed CNF was collected and analyzed with UV-Vis
spectroscopy.
3.2.4. UV-Vis Analysis
To find the molar ratio of dye to repeat unit (D/C) for the tagged CNF by UVVis spectroscopy, the CNF was first degraded with cellulase from Trichoderma reesei
(Sigma Aldrich). Approximately 1 mL of CNF (between 0.01 and 0.02 g dry weight)
was lyophilized and sodium acetate buffer (pH 5) was added to the dry CNF to make
a 1 wt% suspension. For every 1 mL of buffer used, 10 μL of enzyme was added, the
sample was vortex mixed for a few seconds, and then placed into an incubator at 50
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°C overnight (18 h). The next day, 5 μL of enzyme was added to the sample and placed
into the incubator for another 2 h. The degraded CNF samples were placed in the UVVis spectrometer (Beckman DU 7500) for analysis with an air background. The step
size for the data analysis was set to 1 nm and the sample absorbance was scanned
from 350 to 650 nm. Using the absorbance obtained from UV Vis spectroscopy, the
concentration of dye was calculated using Beer’s Law as
C=

A
ε𝑙

where C is the concentration of dye used, A is the absorbance, ε is the measured molar
absorptivity and l is the path length of the cuvette. Using a calibration curve, the molar
absorptivity for each dye studied were determined to be 216,600, 13,600, 4,700,
59,400, and 9,800 M-1 cm-1 for FITC, acridine orange, Nile blue, rhodamine B, and
thioflavin, respectively, in sodium acetate buffer at pH 5 (Figures S1-S5). The number
of moles of dye (n) was calculated from the concentration of dye (C) using the known
volume analyzed. The ratio of dye molecules to CNF glucose repeat unit was
calculated to find the degree of functionalization, using the molecular weight of
glucose (162.2 g/mol) and the dry mass of the CNF.
3.2.5. Blade Draw Down Coatings Method
A blade draw down coating method was used to coat paper with the tagged
CNF. To coat paper, paper strips (4 by 28 cm) were taped down to a 30 cm by 30 cm
piece of tempered glass with a plastic sheet (Mylar, Dupont) covering the top 2 cm of
the paper strip. Approximately 3 mL of CNF was poured onto the plastic. The blade
draw down coater was placed on the Mylar above the wet coating components and
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drawn down in a swift, even motion to the end of the paper by hand. The coatings
were placed into an oven at 105 °C for 20 min to dry.
3.2.6. CLSM Procedures
For 2D imaging, each paper sample to be imaged with the CLSM was cut into
sample sizes of 1 cm by 1 cm. The paper sample was placed into the center of a clean
microscope slide and secured with double sided tape. On the back of the microscope
slide, a black piece of paper about 1.5 cm by 3 cm was taped to prevent light scattering
during imaging. Physical cross sections of coating samples were made by cutting thin
slices of the samples, usually about 1 mm by 2 cm long, and placing them sideways in
between two coverslips for imaging.
The samples were imaged by a confocal laser scanning microscope (TCS SP2,
Leica). The excitation, emission acceptance, and reflected light acceptance
wavelengths for the various dyes used are shown in Table 3.1 below. The pinhole size
was automatically adjusted for the best imaging and ranged from 60 to 80 μm. Each
sample was excited with the laser and scanned. Each sample was scanned between
40 to 50 μm in the z direction for ten scans. The fifth scan in the series was used for
the imaging analysis as to avoid edge effects during the sample preparation. Images
were collected with the Leica Confocal software (v2.61) and merged and analyzed
using ImageJ software (v1.48).

34

Table 3.1: Excitation and emission acceptance wavelengths for the fluorescent dyes
used.

Fluorescent Dye

Excitation
Wavelength [nm]

Emission
Acceptance
Wavelength [nm]

Reflected Light
Acceptance
Wavelength [nm]

Acridine Orange

458

550 – 600

450 – 460

FITC

488

500 – 550

480 – 490

Nile Blue

633

720 – 800

630 – 640

Rhodamine B

543

600 – 650

540 – 550

Thioflavin

458

600 – 700

450 – 460

3.3. Results and Discussion
3.3.1. Tagging CNF with FITC
CNF was functionalized with FITC using a modified literature procedure that
consisted of three-step process (Ding et al., 2018). The FITC functionalized CNF was
degraded and analyzed using UV Vis spectroscopy. From UV Vis spectroscopy of the
FITC reacted CNF (Figure 3.2), a single absorbance of 0.5952 was observed at (485
nm) consistent with FITC.

35

0.7

Absorbance

0.6
0.5
0.4
0.3
0.2
0.1

0
350

450
550
Wavelength [nm]

650

Figure 3.2: UV Vis spectra of degraded FITC reacted CNF in water with an air
background.
Using the absorbance obtained from UV Vis spectroscopy, the concentration
of dye was calculated using Beer’s Law as:
C=

C=

A
ε𝑙

0.5952
(1 cm) (216,500 M −1 cm−1 )
C = 2.63 x 10−5 mol/L

where C is the concentration of dye used, A is the absorbance, ε is the measured molar
absorptivity (216,500 M-1 cm-1, as determined in Figure A.2 in Appendix A) and l is
the path length of the cuvette. Using the following equation, the number of moles of
dye (n) was calculated from the volume (V) and the concentration of dye of the UV Vis
sample.
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n=CV

n = (2.63 x 10−5

mol
) (0.001 L)
L

n = 2.63 x 10−8 mol FITC
To calculate the functionalization of the CNF, the molecular weight of the glucose
repeat unit (RU) within the CNF had to be calculated. Based on the atoms present in
glucose and their individual weights, the molecular weight (MWRU) was determined
to be 162.2 g/mol. Using the molecular weight of the glucose RU, the ratio of mmoles
of FITC to moles of glucose RU (F/C) was calculated. From the F/C ratio, the degree of
FITC functionalization of the CNF RU was 0.032% functionalized.
F
=
C

n
m
MWRU

F 2.63 x 10−8 mol FITC
=
0.0133 g
C
g
162.2
mol RU
F
mmol FITC
= 0.32
C
mol RU
CNF has a high surface area (Sehaqui et al., 2011) with the potential to adsorb
molecules. There is potential that some FITC could be adsorbed to the surface instead
of covalently linked. Experiments were performed to test this hypothesis. The FITC
reacted CNF was precipitated in excess acetone to remove adsorbed FITC. The
acetone and CNF were centrifuged at 1550 RPM and washed with excess DI water
three times. The precipitated CNF was separated from the acetone and degraded.
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Since acetone is a good solvent for FITC, non-covalently bound FITC was
expected to go into the acetone phase. Based on the UV Vis data (Figure 3.3), only 12%
of the initial amount of FITC remained on the CNF post precipitation. This result
suggests that the majority of the FITC measured above was adsorbed onto the CNF,
not covalently bonded. Therefore, around 0.040 F/C are covalently attached after the
procedure. To compare the FITC reacted CNF to the FITC adsorbed CNF, aliquots of
the FITC adsorbed CNF after purification were taken for UV Vis analysis. UV Vis
spectroscopy (Figure 3.3) determined that the adsorbed FITC CNF had 0.039 F/C
which was 90% less than the FITC reacted CNF.
0.4

F/C

0.3
0.2
0.1
0
Reacted CNF

Precipitated Adsorbed CNF
Reacted CNF

Figure 3.3: Functionalization ratio (F/C) of FITC reacted CNF, precipitated FITC
reacted CNF, and FITC adsorbed CNF.
3.3.2. Evaluations of Adsorbed Dye Stability
3.3.2.1. Organic Solvent Stability
UV Vis spectroscopy determined that the FITC adsorbed CNF post
precipitation did not contain enough FITC for detection, confirming that FITC was
adsorbed to the CNF, that acetone can remove adsorbed FITC, and that FITC
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functionalized CNF had covalently bound FITC since some of it resisted removal from
the acetone treatment.
3.3.2.2. pH Stability
To further understand the adsorption of the FITC on the CNF, the adsorbed
FITC CNF was exposed to different pH values by adding acid or base to the CNF. To
examine the stability of absorbed FITC to pH changes, FITC adsorbed CNF was
exposed to different pH values The base treated FITC adsorbed CNFs appeared to lose
their yellow color while the acid treated CNFs still had yellow color to them (Figure
3.4).

Figure 3.4: Images of acid (1.5, 2, 3, and 3.5) and base (10, 11, and 12) treated CNFs
after neutralization and three water washes and centrifuges.
FITC has several acidic protons with different pKa values so if the adsorption
phenomenon was due to electrostatic interactions, the adsorbed FITC was
hypothesized to be unstable when the pH was changed. Once the absorbed FITC CNF
was adjusted to non-neutral pH values, it was centrifuged to remove water that had
visible FITC. The CNF was then neutralized back to pH 7, degraded, and analyzed with
UV Vis spectroscopy to measure the amount of remaining FITC on CNF. From UV Vis
spectroscopy data (Figure 3.5), the acidic treated CNF still showed signal from FITC
while the basic treated CNF did not. Compared to the original absorbed FITC CNF, the
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acidic treated CNF had between 20 and 60% of the FITC remaining while the basic
conditions had less than 7%. These results suggest that pH can play a role in
controlling the absorption of FITC to CNF. At high pH values (pH > 7.4) (Lorenz and
Gruenstein, 1999), the FITC molecule should be fully deprotonated, resulting in a
negatively charged molecule and increased water solubility, which may cause it to
desorb. At low pH, the FITC should be nearly fully protonated and thus less soluble in

Peak Absorbance

water and unlikely to desorb from the CNF.
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Figure 3.5: Functionalization ratio (F/C) of pH treated adsorbed FITC CNF post
neutralization.
3.3.2.3 Salt Stability
To examine the stability of adsorbed FITC, to salt solutions FITC adsorbed CNF
was washed with concentrated brine water. UV Vis spectroscopy (Figure 3.6)
determined that the brine wash did not remove the FITC that was adsorbed to the
CNF. In this case, the salt does not protonate or deprotonate the FITC molecules so no
change in the adsorption of FITC on CNF is seen.
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Figure 3.6: Functionalization ratio (F/C) of FITC adsorbed CNF and brine washed
FITC adsorbed CNF.
3.3.3. Adsorption of Other Dyes onto CNF
To explore the universality of dye adsorption to CNF, the adsorption of several
chemically different fluorescent dyes (Table 3.2) was studied. These molecules have
different pKa values, polarities, and molecular sizes that could affect their absorption
to CNF.
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Table 3.2: Chemical properties of acridine orange, Nile blue, rhodamine B, and
thioflavin dyed CNFs.
Dye

Molecular
Weight
[g/mol]

tPSA
[Å2]a

Charge at pH
7b

D/C

301.82

18.8

positivec

3.6

389.38

96.2

negatived

353.85

48.7

positivee

479.02

53.0

zwitterionf

318.86

6.25

positiveg

Acridine Orange

FITC

3.9x102

Nile Blue
3.8x103

Rhodamine B
6.4x103

Thioflavin
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0.90

aTopological

polar surface area as calculated by ChemDraw Prime v. 15.1 bCharge at

pH 7 in water determined from pKa values of proton exchangeable groups and
literature. cMurad 1999. dSmith and Pretorius 2002. eHo 2006. fHinckley 1986. gRaj
and Ramaraj 2001.
Each dye was dispersed in water for half an hour, added to the CNF, and stirred
for another two hours, mimicking the adsorbed FITC CNF method. Each dye adsorbed
CNF was centrifuged and washed with excess DI water about 25 times for the acridine
orange, rhodamine B, and thioflavin CNF samples, and 50 times for the Nile blue CNF
sample (Figure 3.7A). During the adsorption of the various dyes, the dyed CNFs were
very bright with their respective colors. After the centrifugation and washing, the
overall color of the thioflavin and rhodamine B CNFs decreased while the acridine
orange and Nile blue CNFs seemed to have retained majority of their color (Figure
3.7B).

Figure 3.7: Image of thioflavin (i), acridine orange (ii), rhodamine B (iii), and Nile
blue (iv) dyed CNFs directly after the adsorption (A) and after the washing and
centrifuging (B).
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The supernatant from the acridine orange, rhodamine B, and thioflavin treated
CNF samples were clear and free of color. The supernatant from the Nile blue CNF
was still tinted blue, but to a substantially lower degree than originally. Aliquots of
each dye adsorbed CNF were degraded and prepared for UV Vis analysis. As seen with
the FITC, fluorescent dyes are pH dependent in the sense that different absorbance
values are associated with different concentrations at different pHs. Before the
degree of functionalization of the various dyed CNF’s could be determined, the molar
absorptivities of each dye had to be determined in the pH 5 buffer solution, since the
UV Vis analysis was performed in the buffer solution. Using calibration curves of
know dye concentrations and absorbance, the molar absorptivities were determined
to be 13,600, 47,000, 59,400, and 9,700 M-1 cm-1 for acridine orange, Nile blue,
rhodamine B, and thioflavin in sodium acetate buffer at pH 5 (shown in Appendix A).
With the molar absorptivities of each dye, the degraded CNFs were analyzed
using UV Vis spectroscopy (Figure 3.8). The number of moles of dye (n) was
calculated from the concentration of dye (C) using the known volume analyzed. The
ratio of dye molecules to CNF glucose repeat unit was calculated to find the degree of
functionalization, using the molecular weight of glucose (162.2 g/mol) and the dry
mass of the CNF. When compared to the adsorbed FITC CNF, more Nile blue, acridine
orange, and thioflavin adsorbed to the CNF, while less rhodamine B (Table 3.2)
adsorbed to the CNF. The exact cause of the 10-fold increase in acridine orange, Nile
blue, and thioflavin absorption over the other dyes is not clear; however, these results
outline one of the benefits of using adsorption to fluorescently tag CNF as different
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dyes can be used without the need of reactive groups, providing flexibility for the
target application.

Absorbance
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Figure 3.8: UV Vis spectra of degraded acridine orange, Nile blue, rhodamine B, and
thioflavin adsorbed CNF in pH 5 buffer solution with an air background.
3.3.3.1. pH stability
To further understand the 10-fold increase in the adsorption of acridine
orange and thioflavin on the CNF, the acridine orange and thioflavin adsorbed CNF
was exposed to different pH values by adding acid or base to the CNF. Both the acid
and base treated acridine orange CNFs retained their color after neutralization and
washing (Figure 3.9A). The thioflavin acid and base treated CNFs appeared to lose
their yellow color (Figure 3.9B).
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Figure 3.9: Images of acid (2, and 4) and base (10, and 12) treated acridine orange
(A) and thioflavin (B) CNFs after neutralization and three water washes and
centrifuges at a final pH of 7.
Each of the treated acridine orange and thioflavin adsorbed CNFs were
degraded and analyzed using UV Vis spectroscopy. Overall, the acridine orange
adsorbed CNFs retained between 12% and 25% of the original dye that was on the
CNF (Table 3.3) after acidic and basic treatments suggesting that the acridine orange
was stable on the CNF under both acidic and basic conditions. For the thioflavin
adsorbed CNF, the only pH treated CNF that retained any detectable amount of dye
was the pH 2 CNF at 5% of the original dye which suggests that the thioflavin was
only stable under very acidic conditions. Based on the tPSA of thioflavin (Table 3.2),
the dye molecule exhibits hydrophobic effects in water. With this, the surface charge
interactions of the dye molecules and the CNF decreases causing some of the dye to
come off. The acridine orange, on the other hand, only has hydrophobic interactions
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and a couple of dipole moments responsible for the surface interactions between the
dye molecules and the CNF. The presence of ions alters the electrostatic interactions
of the dye molecules which decreases how much of the dye remains adsorbed to the
CNF without removing all of the dye molecules.
Table 3.3: Ratio of dye to glucose RU (D/C) and percent of dye remaining of acidic
and basic treated acridine orange and thioflavin adsorbed CNFs.
pH
treatment

Acridine
Orange D/C

Percent dye
remaining

Thioflavin
D/C

Percent dye
remaining

2

0.55

13

0.048

4.57

4

0.96

23

0

0

10

0.96

23

0

0

12

1.00

24

0

0

To connect the chemical properties of the different dyes to their propensity
for adsorption, a couple of parameters were considered as summarized in Table 3.2.
CNF is typically negatively charged due to some carboxyl groups remaining from
hemicelluloses so positive charged compounds adsorb to its surface (Ahola et al.
2008). Such an effect was observed with the investigated dyes as the positively
charged dyes at pH 7 (i.e. acridine orange, Nile blue, and thioflavin) adsorbed to the
greatest extent (Table 3.2). Rhodamine B exists as a zwitterion at neutral pH, which
limits its solubility in water and resulting in limited adsorption. However, negatively
charged FITC adsorbed significantly, suggesting that molecular charge was not the
only parameter that affected adsorption. The topological polar surface area (tPSA) is
the sum of the polar surfaces of a molecule and has been related to drug adsorption
processes (Ertl et al. 2000). The three compounds that adsorbed to the greatest
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extent, acridine orange, Nile blue, and thioflavin, have the lowest tPSA values (Table
3.2), indicating that they are relatively hydrophobic. Cellulose has hydrophobic faces
due to the hydroxyl groups being axial in the cellobiose repeat unit where these dyes
can adsorb through the hydrophobic effect (Matthews et al. 2006) and be stabilized
by CA interactions. FITC adsorption is likely governed by this hydrophobic affect and
CA stabilization as well rather than electrostatic interactions, but due to its more
polar structure, it does not adsorb to the same extent as the less polar dyes.
3.3.4. CLSM Imaging of FITC Functionalized CNF
3.3.4.1. FITC Reacted and Adsorbed CNFs
With the CNF successfully tagged with FITC using both covalently link and
adsorbed methods, its utility to quantify migration into paper was investigated. The
FITC tagged CNF suspensions were imaged which yielded fluorescence activity for
reacted and pH treated adsorbed FITC samples. The images in Figure 3.10 from FITC
reacted CNF were quite different than those the FITC absorbed CNF. For FITC reacted
CNF, fluorescent micron scale fibers are visible against a black background, while the
images from the pH treated FITC adsorbed CNF show continuous fluorescence,
suggesting that FITC is absorbed to the fines of CNF. This contrast between the FITC
reacted and absorbed CNFs may be due to the reactions performed making the fines
more soluble in water. The fine fibers of the FITC reacted CNF appeared to be more
dispersed in water as evidenced by the colored aqueous layer above the bulk CNF.
This soluble layer of fines was decanted off the bulk CNF after centrifugation, leaving
behind the larger fibrils. This was confirmed by TEM imaging when the average
diameter of the CNF fibers increased after centrifugation after the fines were
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removed. For the absorbed FITC CNF, the CNF fines were not removed during
centrifugation and were still intertwined between the larger fibrils, creating a
continuous region of fluorescence. When the CNF samples were lyophilized (freeze
dried), all the CNF samples showed micrometer-scale fiber structures in the images
(Figure 3.10). Freeze drying CNF is known induce irreversible hydrogen bonding
(hornification), causing to the fines to concentrate into fiber structures (Han et al.,
2013). Though the fine structure of CNF was lost upon drying, these results confirmed
that FITC tagged CNF can be dried and used for imaging.

Figure 3.10: Representative 2D CLSM images of wet (A) and dry (B) FITC reacted
CNF (left) and 1.5 pH treated FITC adsorbed CNF (right). The 1.5 pH treated CNF
was arbitrarily picked as a representative pH treated CNF sample.
Both FITC reacted CNF and absorbed FITC CNF were coated on newsprint at
about 2 wt% solids and about 10 grams per square meter (gsm) to observe how the
tagged CNF preparation method affected microscopy results. In the 2D CLSM images
(Figure 3.11A), less fluorescence is seen in the adsorbed CNF than in the reacted CNF
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at the surface of the paper. The difference in the amount of fluorescence between the
adsorbed and reacted CNFs corresponds to the images of Figure 3.11 which show that
the CNF produced from adsorption had many fine fibrils in the water phase, while the
reacted CNF no longer contained the fine fibrils. In the dry coating layer, the fine
fibrils of the adsorbed CNF clearly define and outline the fibrous structure of the base
paper while the larger fibrils of the reacted CNF cover the paper fibers. However, the
CLSM images of the adsorbed CNF and reacted CNF show the same paper fiber
structures at the surface of the paper. Similarly, the cross section CLSM images of both
the FITC reacted and adsorbed CNF samples (Figure 3.11B) show that most of the CNF
is at the surface of the paper with moderate penetration into the base paper in some
locations. Even though the adsorbed CNF maintains the fines of the CNF post
purification, the cross sectional CLSM images are like that of the reacted CNF which
does not maintain the fines. The comparable results of the CLSM images of the
adsorbed CNF to the reacted CNF provides a tool to further understand how CNF
behaves as a coating layer.
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Figure 3.11: Representative 2D (A) and cross section (B) CLSM images of adsorbed
FITC CNF (i) and FITC reacted CNF (ii) on newsprint with the coating on the left side
of the paper.
Similar to the FITC adsorbed CNFs, the other dye adsorbed CNFs were also
coated on newspaper at 1.5% wt solids and imaged with the CLSM. As seen in the
CLSM images (Figure 3.12), each of the dyed CNFs showed signal upon imaging,
regardless of how little dye was adsorbed to the CNF. For the Nile blue and rhodamine
B samples, the CNF appears to be penetrating through the entirety of the paper
substrate; however, that is due to the dyes being free in the water phase. The Nile blue
CNF wash waters during purification still had a blue tint to it from the dye after 50
washes meaning that not all of the dye was removed. Some of the Nile blue particles
settled to the bottom of the CNF after centrifugation, most likely due to a low
solubility in water and a large excess of dye added initially. The rhodamine B CNF, on
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the other hand, showed rhodamine B at the bottom of the CNF in the centrifuged
samples, with no visible color in the CNF or the supernatant, suggesting that the
rhodamine B was in the water phase and did not adsorb to the CNF. With this, other
dyes like acridine orange and thioflavin can also be used to determine the location of
CNF on paper.

Figure 3.12: Representative cross section cross section CLSM images of adsorbed
acridine orange (A), Nile blue (B), rhodamine b (C), and thioflavin (D) CNF. CNF was
coated at 1.5% wt solids on newsprint with the coating on the left side of the paper.
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3.3.4.2. FITC Adsorbed CNF Solids Study
To observe how CNF solids content affects CNF penetration into an absorbent
substrate, coatings were made using different wt% (1, 2, 2.8 and 3.5) of FITC
adsorbed CNF on newsprint and imaged with CLSM (Figure 3.13). Additionally, the
thickness of the newsprint and the coating signal were measured using five evenly
spaced areas from the top to the bottom of the CLSM image as reported in Table 3.4.
Overall, the higher the solids content of the CNF coatings, the thicker the paper
appears in the CLSM images due to the decreasing amount of CNF penetration into
the base paper. A 1 wt% CNF coating penetrated the furthest into the base paper with
CNF signal visible through 82% of the total paper thickness. However, the penetration
of the CNF into the base paper is not uniform. The 2 wt% CNF coating penetrated the
base paper as well, but only to 77% of the total paper thickness. This coating layer
appeared to be relatively uniform with a few spots where the CNF penetrates deeper
into the base paper in both cases. At 2.8 and 3.5 wt% solids, the least amount of
penetration into the base paper is seen in the images (FITC signal is seen in only 26%
and 23% of the total paper thickness, respectively) with a uniform coating layer. Even
though the 3.5 wt% solids seemed to start to have issues with the runability of the
coating where the CNF clumps up and is difficult to coat, the coating layer itself seems
to relatively uniform; however, this is a small representation of the whole coating. In
this study, coatings with 2.8 wt% CNF and higher do not significantly penetrate an
absorbent base paper. As the solids content is increased, there is less water present
in the same volume that can potentially pull the CNF into the absorbent base paper.
Additionally, the higher solids content increases CNF viscosity and causes
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entanglement of the CNF which leads to the fibrils jamming at the paper surface and
resulting in less CNF penetration. As a result, more of the CNF is present at the paper
coating surface creating a more uniform coating layer.

Figure 3.13: Representative cross section CLSM images of 1, 2, 2.8, and 3.5 wt% CNF
on newsprint. The FITC channel shows the emissions from the FITC. The reflected
light channel shows the light scattered at the surface of the paper. The CNF coating
is located on the right side of the paper.
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Table 3.4: Thickness of the paper and CNF signal depth determined from the CLSM
images for 1.0, 2.0, 2.8, and 3.5 wt% CNF on newsprint.
Reflected Light

CNF Solids Content
(wt%)

Thickness [μm]

1.0

50 ± 20

40 ± 20

2.0

50 ± 10

30 ± 10

2.8

90 ± 10

40 ± 10

3.5

90 ± 20

40 ± 10

FITC Signal Depth [μm]

3.4. Conclusions
Straightforward methods were developed to tag CNF with fluorescent dyes
through physical absorption that were stable under various conditions and yielded
CLSM images comparable to that of reactively coupled FITC CNF. Physical adsorption
was found to not be unique to FITC as other aromatic dyes were observed to adsorb
through positive electrostatic interactions, the hydrophobic effect, and aromaticcarbohydrate interactions, indicating that other small, positively charged aromatic
dyes and compounds should adsorb to CNF. This adsorption phenomenon provided a
straightforward method to fluorescently tag CNF and image its location using
fluorescence microscopy that proved useful for CNF paper coatings. As the solids
content of the CNF was increased, the CNF penetration into the base paper decreased.
At 2.8 wt% solids, CNF no longer penetrated significantly into newsprint, forming a
continuous film upon the paper surface. By developing a technique for fluorescently
tagging CNF, the CNF can be distinguished from the paper and the migration of the
CNF can be studied.
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CHAPTER 4
VALIDATION OF METHODS
This chapter focuses on the optimization and validation of the methods for
tagging, coating, imaging, and image analysis for future coatings to ensure
consistency and repeatability in data acquisition.
4.1. Materials and Methods
The starch used was an ethylated starch typical of what is used in a coating
formulation (Ethylex 2045, Tate & Lyle). The latex used was a typical styrenebutadiene chemistry produced by emulsification polymerization (Genflo 5086,
OMNOVA). Rhodamine B used for the latex tagging was purchased from Wako
Chemicals. All sample papers were from industrial sources. The pigments used for
these studies (Hydrocarb 60, OpaCarb 40 or Albaglos, and HydraFine 90) were
obtained from Omya, Mineral Technologies, and KaMin, respectively. Acridine orange,
FITC, Nile blue, and thioflavin dyes used for the tagging reaction were purchased from
Sigma Aldrich. The epichlorohydrin (ECH), sodium hydroxide (NaOH), ammonium
hydroxide (NH4OH), sodium chloride (NaCl), sodium borate, acetone, and sulfuric
acid were purchased from Fisher Scientific and used without further purification.
4.1.1. Fluorescent Dyes
The two dyes used for the tagging of starch and latex individually were
selected since they are commonly used in the biological field. The dye chosen for the
starch tagging was FITC since starch has been tagged previously with this particular
dye (Golebiowska, 2016). Rhodamine B was chosen for the latex because of its
previous use in tagging latex (Golebiowska, 2016). The absorbance and fluorescence
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spectra of both dyes are shown in Figure 4.1. The dashed lines represent the
excitation spectra while the solid peaks represent the emission spectra. For the FITC,
the excitation peak is around 500 nm and the excitation peak exits between 480 and
625 nm. The excitation peak for the rhodamine B is around 580 nm while the
emissions peak is between 550 nm and 700 nm. Based on this data, these two dyes
have a limited wavelength range were both of the emissions peaks overlap and a large
gap between the two excitation wavelengths.

Figure 4.1: Fluorescent spectra with excitation spectra (dashed) and emissions
spectra (solid) of FITC and rhodamine B, from Life Technologies.
4.1.2. Tagging Reaction of Starch
A modified literature procedure was used to functionalize starch with FITC
(Dong and Roman, 2007). Similar to the CNF functionalization reaction (Chapter 3
Section 2.1), this reaction functionalizes the hydroxyl groups of the ethylated starch.
Epoxy groups were first introduced to the hydroxyl groups by reacting starch with
ECH in the presence of sodium hydroxide (NaOH) (Figure 4.2, scheme 1). To introduce
the amine groups, the mixture was reacted with ammonium hydroxide (NH4OH)
while using NaOH to maintain a pH of 12 (Figure 4.2, scheme 2). Finally, the amine
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functionalized starch was tagged with FITC in the presence of sodium borate and
sodium chloride (NaCl) (Figure 4.2, scheme 3). After each functionalization step, the
starch was placed in dialysis for 24 hours and precipitated into acetone. The
precipitated starch was vacuum filtered and dried in a vacuum oven overnight to
obtain a final powder of FITC tagged starch.

Figure 4.2: Chemical schemes for (1) epoxy functionalization of starch, (2)
amine functionalization of starch, and (3) FITC functionalization of starch.
In an example procedure, epoxy groups were functionalized off the hydroxyl
groups in the first reaction step. In a typical batch, 25 g starch was dissolved in DI
water at 10% solids to which NaOH was added to create a 1M solution. The starch
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solution was heated in an oil bath at 60 °C for half an hour until fully heated at which
point 5.4 mmol ECH per gram of starch was added. The reaction occurred for two
hours at 60 °C. After two hours, the starch was placed into dialysis tubing (MWCO
6,000 – 8,000) against DI water for 24 hours and precipitated in 10x excess acetone
overnight. The epoxy functionalized starch was then vacuum filtered and placed into
a vacuum oven at 60 °C overnight to remove the acetone. To introduce the amine
groups for the second step of the functionalization reaction, the purified epoxy
functionalized starch was dissolved in DI water at a 10 wt% and brought to pH 12
with 1.34 M NaOH. The starch solution was placed into an oil bath at 60 °C for half an
hour to heat at which point 8.125 mL of NH4OH was added and left to react for two
hours at 60 °C. After two hours, the amine functionalized starch was placed into
dialysis against DI water for another 24 hours and again precipitated into 10x excess
acetone overnight. The precipitated amine functionalized starch was then vacuum
filtered and dried in a vacuum oven overnight at 60 °C to remove the acetone. For the
final functionalization step, the amine functionalized starch was dissolved in DI water
at 10 wt%. To fully dissolve the FITC, 0.002 g FITC was added to 50 mL DI water and
stirred for half an hour. Simultaneously, 2.6 g NaCl and 5.7 g sodium borate on were
added directly to the amine functionalized starch solution and stirred for half an hour
to obtain a buffer solution of 0.15 M NaCl and 0.05 M sodium borate. The FITC water
was added to the starch solution and stirred overnight at room temperature in the
dark to functionalize the starch with FITC. The reaction mixture was then placed into
dialysis for 24 hours precipitated one last time in 10x excess acetone. The
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precipitated starch was placed into a vacuum oven at 60 °C overnight to remove the
acetone to obtain a FITC functionalized starch powder.
4.1.3. UV Vis Analysis Procedure
For UV-Vis analysis of tagged starch, 0.01 g sample of tagged starch solids was
dissolved in 6 mL of tap water and heated to 60°C until fully dissolved. The prepped
sample was then placed in the Beckman DU 7500 UV/Vis spectrometer for analysis
with an air background. The step size for the data analysis was set to 1 nm. The start
and end wavelengths were set to 350 and 650 nm, respectively.
Using the absorbance obtained from the UV Vis analysis, the concentration of
FITC was calculated using Beer’s Law where CFITC is the concentration of FITC, A is the
absorbance, ε is the molar absorptivity, and l is the path length of the cuvette.
CFITC =

A
εl

The number of moles of FITC (nFITC) were calculated from the concentration of FITC
(CFITC), shown below, where V is the volume of the sample used for the UV Vis analysis.
nFITC = CFITC V
In a similar manner, the number of moles of starch in the sample was calculated using
the molecular weight of the starch, obtained from the supplier, and the mass of the
starch.
nstarch =

mstarch
MWstarch

And finally, the ratio of FTIC molecules to starch molecules was calculated using the
moles of FITC and starch.
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R=

nFITC
nstarch

4.1.4. Tagging Procedure for Latex
To tag latex, a known volume of latex was placed into a sealable container and
placed on a stir plate. Rhodamine B powder was added directly to the stirring latex to
make a 0.015 wt % solution. The latex and rhodamine B mixture was stirred on the
highest possible setting overnight. The final product was a pink liquid.
Tagged latex were precipitated out of solutions to determine amount of free
fluorescent dye versus the amount of bound dye using UV-Vis spectroscopy. For the
latex, 100 µL of tagged latex was added to 2 mL isopropyl alcohol (IPA) under stirring.
The IPA fraction was separated from the solid polymer and salt through vacuum
filtration and washing with 1 mL of IPA. The collected latex was dissolved in 2 mL
chloroform, vacuum filtered from the salts, and diluted by adding an additional 1 mL
of chloroform. Both solutions were filtered through a 0.2 µm PTFE syringe filter to
remove any solids. The fractions were images with UV-Vis spectroscopy. From these
spectra, the amount of free rhodamine was estimated to be less than 20% of the total
rhodamine B added to the latex, confirming most of the rhodamine B is associated
with the latex. If the latex is saturated with rhodamine B, the amount of free dye could
be reduced by adding less of it to the latex prior to coating.
4.1.5. Blade Draw Down Coating Procedures
Prior to coating, FITC tagged starch was cooked in tap water at a solids content
of 20% at 100°C for an hour with vigorous stirring. The rhodamine B tagged latex was
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stirred prior to coating to keep the latex well mixed. Paper strips were cut 3-4 cm
wide and 25 cm long.
Paper strips were taped down to a 30 cm by 30 cm piece of tempered glass
with a plastic sheet (Mylar, Dupont) covering the top 2 cm of the strip. Approximately
3 mL of coating formulation was poured onto the plastic. A blade draw down coater
was placed right above the wet coating formulations, shown in Figure 4.3. Using the
handle bars (C in Figure 4.3), the coating was drawn down in a swift, even motion to
the end of the paper. The micrometer settings (A in Figure 4.3) on the blade draw
down coater were adjusted from substrate to substrate to adjust the gap between the
blade (B in Figure 4.3) and the paper. The blade gap was adjusted to try to maintain
the same coat weight for each coating formulation. Coatings were dried for 15 mins
in a vacuum oven at 105 °C.

Figure 4.3: Blade draw down coater with (A) the micrometer setting, (B) the
application blade, and (C) the handle bars used for application.
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4.1.6. CLSM Procedures
The samples were imaged by a confocal laser scanning microscope (TCS SP2,
Leica). The CLSM consists of a laser that excites the sample being imaged to create
emissions which are collected to form a two dimensional representation of a
particular xy plane. The CLSM starts recording images at the surface of the sample
and moves its way down the z plane, taking images at different z positions. All of the
images at different z positions can then be compiled to create a three dimensional
representation of the sample. The basic principle behind the CLSM is shown in Figure
4.4. At point A there exists a laser set to the excitation wavelength of the sample that,
when turned on, shines through a pinhole filter at point B. The laser light is then
reflected off of a dichroic mirror aimed for the sample being imaged at point C. The
sample gets excited by the laser which lets off emissions that are collected through
another pinhole filter at point D and analyzed into fluorescent activity seen in the
imaging.

Figure 4.4: Schematic of how the CLSM works.
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For cross section imaging, shown in Figure 4.5 below, each paper sample was
cut into sample sizes of 1 mm by 2 cm using scissors. The paper sample was placed
on its side in between two 20 mm long cover slip sets and taped down with double
sided tape. The cover slip set consisted of two cover slips taped together with double
sided tape that had black paper taped to one side. The cover slip sets provided
stability for the paper samples to ensure that the paper samples were straight during
imaging. A black piece of paper about 1.5 cm by 3 cm was taped to the back of the
microscope slide to prevent light scattering during imaging.

Figure 4.5: Schematic of microscope slide preparation for cross section imaging.
Based on the fluorescent spectrum data, there was some overlap of the
emission spectrum of the two dyes which caused signal cross contamination during
imaging. In order to limit the amount of cross signal between the two channels, each
dye had to be excited and imaged separately.
The pinhole size was automatically adjusted for the best imaging and ranged
from 60 to 80 μm. A green neon laser with a wavelength of 488 nm was used to for
the excitation of FITC with emissions collected from 500 to 550 nm. Reflected light
was collected by collecting the emissions from 480 to 490 nm during the FITC
excitation. An argon laser with a wavelength of 543 nm was used for the excitation of
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rhodamine B with emissions collected from 600 to 650 nm. Once the sample was
placed and focused in the microscope, data could be recorded.
Untagged starch was placed on a microscope slide on the CLSM to threshold
the gain for the starch. The starch was excited at 488 nm with emissions collected
from 500 to 550 nm. At a gain of 651 and an offset of 1, the starch granules emitted
signal in the CLSM creating the threshold for starch imaging.
4.1.7. CLSM Imaging and Analysis
For cross section imaging, each sample was scanned between 40 to 60 μm in
the z direction for ten scans. The fifth scan in the series was used for the imaging
analysis as to avoid edge effects during the sample preparation. Images were
collected with the Leica Confocal software (v2.61) and merged and analyzed using
ImageJ software (v1.48). The FITC and rhodamine B channels were merged together
using the channel merge option in ImageJ. The reflected light channel was merged
with the FITC and rhodamine B channels by overlaying the reflected light image over
the FITC and rhodamine B image at a 30% opacity.
The thickness of the coatings from the cross section CLSM images was
determined as part of the image analysis. The thickness of each channel was
measured by drawing ten equidistant lines over the length of the image. For the ratio
of starch to latex penetration into the paper, the distance from the surface of the
coating to depth of each binder penetration was measured by drawing 10 equidistant
lines over the length of the image.
Using the thicknesses determined from the CLSM images, several different
values were calculated. The first set of calculations was to determine the percent
65

coating penetration into the paper. First, the thickness of the paper that did not
contain coating in the CLSM images was calculated using the reflected light thickness
and the paper thickness as determined by the CLSM imaging of the paper cross
sections (Table 4.1).
No coating in reflected light
= reflected light thickness − paper thickness
Table 4.1: Paper thicknesses measured from CLSM imaging of paper substrate cross
sections.
Paper Substrate

CLSM Determined Paper
Thickness [µm]

Newsprint

60 ± 10

Wood free paper

140 ± 10

Blotter paper

520 ± 20

The depth of coating penetration was calculated using the CLSM coating thickness
and the reflected light thickness that did not contain coating.
Depth of penetration = coating thickness – no coating in reflected
light
Finally, using the depth of coating penetration and the CLSM determined paper
thickness, the percent coating penetration into the paper was calculated.
% penetration =

depth of penetration
x 100%
paper thickness

Another value calculated from the CLSM determined thicknesses was the
starch to latex penetration ratio. This value quantifies the starch and latex
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penetration into the paper by numerically expressing the binder separation. Each of
the binder’s penetrations were measured from the surface of the coating layer to the
penetration of the respective binder. S/L values that are greater than one correspond
to coatings where starch penetrates deeper into the paper substrate while S/L values
less than one corresponded to deeper latex penetration.
S⁄L =

Starch penetration depth
Latex penetration depth

4.2. Results and Discussion
4.2.1. Functionalization of Starch with FITC
For the study of binder migration, the starch needed to be fluorescently active
so it could be distinguishable from the pigments and the latex during binder
migration studies. A previous study (Golebiowska, 2015) reported successful
fluorescent tagging of starch with FITC in the presence of DMSO. However, ethylated
starch can be functionalized with FITC in water through a three-step reaction process
to scale up the tagging method with more ease.
To optimize the reaction parameters, several batches of starch FITC
functionalization reaction were performed. One of the parameters that needed
optimization was the purification method. Unlike the CNF, the starch could not be
purified through centrifugation and washing with DI as starch fully dissolves in water.
One option for purification was to expose the functionalized starch to dialysis against
DI water for four days following each functionalization step. This option was not
optimal as it expanded the reaction process to 14 days. Another option was to
precipitate out the starch in acetone after each functionalization step. Several
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attempts to precipitate the starch post reaction resulted in the starch clumping up
into large (over 1 cm in length) chunks when it came into contact with the acetone,
regardless of the solids content, ranging from 10% to 20% solids, of the initial starch
mixture. The reason for the clumping up of the starch is that the starch is viscous once
fully dissolved in water which causes poor mass transfer between the water
containing the dissolved starch and the acetone. As droplets of dissolved starch were
added to the acetone, the starch on the outer edges of the droplet were precipitated
by the acetone creating a hard shell around the droplet. With this, the inside contents
of the droplets could not be precipitated. With poor mass transfer during
precipitation, it was determined that the starch needed to be diluted further to
decrease the solids of the starch mixture. As a result, the starch was placed in dialysis
against DI water for 24 hours following each reaction step, prior to precipitation in
acetone. The addition of dialysis helped decrease the solids of the starch to improve
the mass transfer between the dissolved starch and the acetone during precipitation.
The final product was a vibrant yellow starch powder (Figure 4.6).

Figure 4.6: Image of dry FITC functionalized starch powder.
The last series of testing for the FITC functionalization process was to
determine the degree of functionalization the starch. The starches from the 10% and
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15% solids were dissolved in DI water and analyzed with UV Vis spectroscopy (Figure
4.7) using an air background. For both starches, a peak at 480 nm was clearly visible
that corresponded to the FITC fluorophore.
0.6

10% solids

Absorbance

0.5

15% solids

0.4
0.3
0.2
0.1
0
400

450

500
550
Wavelength [nm]

600

Figure 4.7: UV Vis spectra of the final FITC functionalized starch from the 10% solids
and 15% solids starch batches. Both starches were dissolved in DI water and
analyzed using an air background.
Using the peak absorbance associated with the FITC, the amount of FITC was
calculated with respect to the starch. Beer’s Law (Equation 4.1) was used to calculate
the concentration of FITC in the FITC tagged starch solution used for the UV Vis
analysis. The final outcome was that the ratio of FITC to starch moles for the 10% and
15% solids was 0.028 and 0.016 mol FITC per mol starch, respectively. As a result, it
can be concluded that 2.8% and 1.6% of the 10% and 15% solids starch batch
molecules, respectively, were tagged with starch. From these results, it is evident that
the lower the solids of the starch, the more the starch is functionalized. This is due to
the fact that there are less starch molecules dissolved in the water with a lower
viscosity which increases the interactive surface of the starch for functionalization.
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With this, it was concluded that future FITC functionalization of starch should be
reacted at 10% solids for optimization purposes.
4.2.2. CLSM Imaging of FITC Functionalized Starch
One final test of FITC functionalization was to image both starches with the
CLSM to determine if the less functionalized starch still contained enough FITC to
provide adequate signal during imaging. Untagged starch powder was placed on a
microscope slide and excited with a laser at 488 nm with a pinhole of 68 µm to
threshold the gain for the FITC functionalized starches (Figure 4.8a). The threshold
of the gain was set at 651 with the offset at 1. Next, each of the FITC functionalized
starch powders were placed on a microscope slide and imaged with the CLSM. The
2.8% functionalized starch (Figure 4.8b) showed adequate signal at a decreased gain
of 359. The 1.6% functionalized starch (Figure 4.8c) showed adequate signal at a
slightly higher than the 2.8% sample of gain of 465, which was still less than the
threshold gain, meaning that the less functionalized starch still provided enough
signal for imaging without showing false signal seen in the threshold gain setting.
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Figure 4.8: Representative CLSM images of FITC emission signal of untagged starch
powder (a) at a gain of 651, 2.8% FITC functionalized starch powder (b) at a gain of
359, and 1.6% FITC functionalized starch powder (c) at a gain of 465. The offset was
help constant at 1 with the pinhole at 68 µm.
The FITC starch was mass produced in five batches of 20 g each at 10% solids
to obtain enough tagged starch for future coatings. Each batch was placed in dialysis
for one day prior to precipitation for purification, vacuum filtered and over dried to
obtain FITC functionalized powder. All batches were mixed together and ground up
using a coffee grinder to ensure homogeneity of the FITC functionalization of the
starch and to increase the ease at which the starch can dissolve in water. A sample of
the FITC starch was analyzed with UV Vis spectroscopy (Figure 4.9). The final FITC
functionalization of the starch was 3.3%.
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Figure 4.9: UV Vis spectra of the final FITC functionalized starch produced from one
day of dialysis followed by precipitation in acetone. Starch were dissolved in water
and analyzed with UV Vis spectroscopy using an air background.
4.2.3. Paper Properties
Studies have shown that binder migration is affected by various parameters
like the coating process, the drying process, and even the paper substrate used. To
what degree do these different parameters affect binder migration is still unknown.
With that, the substrates used for all studies include a variety of paper samples using
based different base paper weights and paper characteristics. The differences in
paper weights and characteristics of the different papers can have a huge impact on
binder migration studies. In this case, the absorbance of the paper was a key factor in
deciding which paper substrates to use. Papers that are more absorbent will pull
more water from the coating into the base sheet which could also pull some of the
finer particles deeper into the base paper. On the other hand, non-absorbent papers
will not retain as much of the water from the coating layer and should have limited
binder migration.
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A Bristow wheel adsorption test was done on paper substrates to test the fluid
adsorption rate of the paper substrates. Water with a small amount of a magenta dye
was used for the test. Approximately 20 µL of fluid was placed into the ink container
of the Bristow wheel apparatus. Paper strips of 2 cm by 20 cm were taped to the
Bristow wheel. The speed of the wheel was set and the wheel was turned on. The ink
container was then placed onto the paper. Wheel speeds ranging from 0.1 to 2 cm/s
were tested for all paper substrates. Using the length of the dye track left on the paper
substrates, the absorption rate or total liquid volume (TLV) was calculated for the
various paper substrates. The absorbance was calculated:
TLV =

V
LB

where TLV is the total liquid volume absorbed, V is the volume of ink, L is the distance
the ink traveled, and B is the thickness of the ink on the paper. The Bristow wheel
absorbance plots for the chosen four paper substrates are shown in Figure 4.10. The
substrates were chosen to consist of a high, moderate, and low absorbance substrate
to see if sheet how absorption and thickness properties influence binder migration.
The blotter paper is the most absorbent and thickest paper while the wood free paper
is the least absorbent. The newsprint is a moderately absorbent but thin paper
substrate.
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Figure 4.10: Bristow wheel absorbance plots of the three different substrates to be
used for all coating experiments of high, moderate and low absorbance.
A variety of paper samples were picked and used based different base paper
weights and paper characteristics. The base paper weights and characteristics of each
paper type is shown below in Table 4.2. The purpose is to see if sheet absorption or
thickness properties have some influence on binder migration. For the draw down
coatings, the paper samples used were wood free paper, newsprint, and blotter paper.
The blotter paper was chosen for its heavy base weight, its small pore shape, and fiber
free nature. The lightweight papers chosen include newsprint and the wood free
paper. The newspaper was the lighter paper substrate and was chosen for its large
amount of fibers in the base paper. The wood free paper was chosen for its absorbent
heavier base stock.

74

Table 4.2: Properties and characteristics of paper substrates.
Substrate

Weight

Characteristics

Newsprint

43 g/m2

Thin, absorbent, many fibers

Wood free paper

75 g/m2

Chemical pulp only, absorbent

Blotter paper

255 g/m2

Porous, thick, absorbent

4.2.4. Starch and Latex Model Coating Mixture
Before studying binder migration by adjusting different coating parameters, a
series of model coatings containing only starch and latex were studied because a new
method for FITC tagging of starch was used. These model coatings were studied to
ensure that the behavior is similar to that seen previously (Purington et al., 2017)
with starch penetrating deeper into the paper than the latex.
With the starch FITC functionalized, a set of preliminary coatings were made
where the FITC starch was mixed with untagged starch to make a 50/50 tagged to
untagged mixture and compared to a 100% tagged starch coating. Since previously
made FITC starch (functionalization of 1.6% from Chapter 4 Section 2.1) contained
enough signal to be successfully imaged with the CLSM, the hypothesis was that since
the overall FITC functionalization of the tagged starch was at 3.3%, the mixture of
tagged and untagged starch should still be able to emit enough signal in CLSM
imaging. The coatings were applied to newsprint and blotter paper using the draw
down coater and dried in an oven at 105°C for 15 minutes. The hypothesis was that if
there is a significant difference in the behavior and separation/penetration into the
base paper of the two starches, this difference will be evident in coatings on blotter
paper as it is a thicker and more absorbent substrate with distance for the binder to
migrate into. The CLSM images of the starch and latex coatings made using the 100%
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tagged starch (Figure 4.11a and c) and the 50/50 tagged/untagged starch mixture
(Figure 4.11b and d) on both paper substrates determined that both sets of coatings
contained enough FITC signal to determine the location of the starch within the
coating layer. From the CLSM images of the coatings on both paper substrates (Figure
4.11), both starches penetrated deeper into the base paper than the latex, consistent
with previous studies (Purington et al., 2017).
To further compare the behavior of the 100% tagged starch and the 50/50
tagged/untagged starch mixture coatings, the thicknesses of the coating layers were
determined from the CLSM images (Table 4.3). Both sets of coatings on both
substrates had similar starch and latex coating thicknesses. In addition, the S/L ratio
of the two coatings on newsprint and blotter paper samples is similar meaning that
the starch and latex separate and penetrate into the paper to a similar extent for both
the 100% and 50/50 FITC starch samples. Oddly enough, based on the CLSM
thicknesses, the blotter paper showed no signs of coating penetration into the base
paper. Overall, the 50/50 FITC starch samples contain less FITC with less
modification to the starch, as well as the coating formulation, making the 50/50 FITC
starch the better option for future coatings, regardless of the slight difference in the
starch penetration between the 50/50 and 100% FITC starch samples. Less
modification to the starch and coating formulation makes the coating formulation a
much closer representation to typically used formulations in the paper industry. With
that, the results from various binder studies to follow would closer represent
behaviors in industrial coatings.
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Figure 4.11: Representative CLSM images of starch and latex mixtures of 100% FITC
tagged starch (a) and a 50/50 FITC tagged/untagged starch mixture (b) on
newsprint, and 100% FITC tagged starch (c) and a 50/50 FITC tagged/untagged
starch mixture (d) on blotter paper. The coating layer is located on the right side of
the paper.
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Table 4.3: Measured coating thickness of the 100% tagged starch and 50/50
tagged/untagged starch mixture coatings on newsprint and blotter paper using the
CLSM images. The starch and latex thicknesses in the CLSM images were measured
individually to determine a starch to latex penetration ratio (S/L).

Coating
type

Starch
Thickness
[µm]

Latex
Thickness
[µm]

Reflected
Thickness
[µm]

S/L Ratio

Percent
Penetration
into Paper

100% on
newsprint

40 ± 10

20 ± 10

70 ± 10

1.5 ± 0.2

50%

50/50 on
newsprint

30 ± 10

20 ± 10

60 ± 10

1.7 ± 0.1

47%

100% on
blotter
paper

30 ± 10

30 ± 10

400 ± 20

1.2 ± 0.3

0%

50/50 on
blotter
paper

40 ± 20

30 ± 10

430 ± 30

1.4 ± 0.2

0%

Looking at the reflected light thickness determined from the CLSM images of
the two sets of coatings on blotter paper (Table 4.3), the reflected light thicknesses
for the newsprint was between 60 and 70 µm, consistent with the thickness pf the
paper. For the blotter paper, the reflected light channel shows the CLSM paper
thickness as about 400 µm which is much less than the actual thickness of 500 ± 10
µm, determined by a digital micrometer. It was evident that somewhere between
when the coatings were dried and mounted into microscope slides, the thickness of
the paper was being compressed to show a smaller thickness in the reflected light
channel of the CLSM images compared to the actual paper thickness. The compression
78

of the paper during cutting could also account for the lack of coating penetration into
the paper substrate.
At this point, with the paper thickness measurements from the reflected light
thicknesses differing so much to the CLSM determined paper thicknesses, the cutting
method used for microscope slide preparation needed to be investigated. The current
cutting method involved using scissors to cut thin strips of coated paper for the
microscope slide preparation which resulted in the paper being compressed creating
a smaller paper thickness in the CLSM images. Five different methods for cutting were
observed (blade knife or utility knife, paper cutter, razor blade, glass scraper, and Xacto knife) to find a cutting method that would not compress the paper substrates.
The blotter paper was cut and mounted into microscope slides using each of the five
new cutting methods. CLSM imaging (Figure 4.12) was utilized to look at the paper
samples post cutting and to determine the paper thickness from the reflected light
channel. The CLSM images of the blade knife (Figure 4.12a), razor blade (Figure
4.12c), and glass scraper (Figure 4.12d) cutting methods showed stray fibers on the
sides of the paper itself suggesting that these cutting methods were ripping the paper
as the paper was being cut. The CLSM images of the paper cutter sample (Figure
4.12b) showed some fraying of the paper fibers on the sides of the paper meaning
that this cutting method may also be ripping the paper but not the same extent as the
previously mentioned cutting methods. The CLSM images of the X-acto knife (Figure
4.12e) cutting method showed some a smooth surface where the blade cut through
the paper with fraying of the fibers on one side of the paper corresponding to the
backside of the paper.
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Figure 4.12: Representative CLSM images of the reflected light channel of the
various cutting methods investigate including the blade knife (a), paper cutter (b),
razor blade (c), glass scraper (d), and X-acto knife (e) showing the paper post
cutting.
The blotting paper had an average paper weight of 250 – 260 grams per square
meter (gsm). As measured by a digital micrometer, the actual paper thickness should
be about 500 ± 10 μm. With that in mind, the paper thicknesses of all the cutting
methods investigated were determined using the CLSM images (Table 4.4). Even
though the difference in the CLSM imaging thickness of the blade knife, razor blade,
and glass scrapper with the actual thickness of the paper were relatively small, the
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fact that these cutting methods appeared to rip the paper and compress the paper
during cutting made these cutting methods unfit for sample preparation. The paper
cutter method seemed to give thickness values that were 10% larger than the paper
thickness which corresponds with the CLSM images (Figure 4.12b) that the paper was
getting slightly ripped during the cutting process. The CLSM thickness of the X-acto
knife cut sample gave a 6% larger thickness value than that of the actual paper with
some evident paper ripping on one side of the paper seen in the CLSM images (Figure
4.12e).
Table 4.4: Measured paper thickness of the various cutting methods of blotter paper
using the CLSM images compared to the 500 ± 10 µm thickness from the digital
micrometer.
Coating

Thickness

Percent

Type

[μm]

Difference

Blade Knife

410 ± 40

-20%

Paper Cutter

560 ± 20

+10%

Razor Blade

460 ± 50

-10%

Glass Scraper

430 ± 30

-16%

X-acto Knife

540 ± 20

+6%

The only two cutting methods that do not seem to compress the paper during
cutting were the X-acto knife and the paper cutter. With this, these cutting methods
needed to be further studied to narrow down the optimal cutting method for future
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samples. Both cutting methods were applied to actual coated paper samples. In this
case, the 50/50 tagged/untagged starch mixture and latex coating on blotter paper
was prepared using the paper cutter and the X-acto knife. From the CLSM imaging of
the paper cutter method (Figure 4.13a), there appear to be paper fibers on the left
side of the paper suggesting that the paper ripped during the cutting process. For the
X-acto knife sample (Figure 4.13b), the CLSM images do not show any paper fibers
corresponding to paper ripping during cutting suggesting that the X-acto knife cutting
method is the better option for microscope slide preparation. Interestingly enough,
there appears to be a few specs of starch and latex deep in the paper substrate not
consistent with binder penetration. This was most likely caused by the blade pressing
the coating layer into the paper during cutting which was avoidedwhen the coating
layer was placed facedown with the X-acto knife cutting through the paper first.
Once again, the paper and coating thicknesses of the 50/50 tagged/untagged
starch and latex mixture coatings on blotter paper were determined using the CLSM
images (Table 4.5). The thicknesses of the coating layer from the X-acto knife as
determined from the CLSM images was about 30 μm larger than that of the paper
cutter sample suggesting that the X-acto knife is pressing the coating layer into the
paper substrate during cutting, as seen by the chunks of coating deep in the paper in
the CLSM images (Figure 4.13b). Theoretically, this can be avoided by placing the
coating layer facedown with the X-acto knife cutting through the paper first without
pressing the coating layer into the paper. In terms of the paper thickness of the two
cutting methods, the reflected light thickness for the paper cutter sample is 20%
larger than the CLSM paper thickness which is consistent with the paper ripping
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during cutting seen in the CLSM images (Figure 4.13a). With this, it is evident that the
X-acto knife cutting method produces the most accurately represented paper
thicknesses in the CLSM images and should be used for future microscope slide
preparations.

Figure 4.13: Representative CLSM images of starch and latex mixtures coated on
blotter paper containing a 50/50 FITC tagged/untagged starch mixture cut with the
paper cutter (a) and X-acto knife (b) during microscope slide preparation. The
coating layer is located on the right side of the paper.
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Table 4.5: CLSM measured paper, coating thickness, S/L ratio, and percent coating
penetration into the paper of the 50/50 tagged/untagged starch mixture and latex
coatings on blotter paper using the paper cutter and X-acto knife cutting methods
during microscope slide preparation determined from CLSM imaging.

Coating

Reflected Light

Coating

Type

Thickness [μm]

Thickness [μm]

Percent Penetration
into Paper

610 ± 40

100 ± 20

2%

530 ± 20

130 ± 30

23%

S+L 50/50
Paper cutter
S+L 50/50
X-acto knife

4.3. Conclusions
Overall, starch was successfully tagged with FITC in water with a
functionalization of 3.3%. CLSM imaging of 1.6% FITC functionalized starch
determined that enough FITC was present to detect FITC emission signal. With that,
model systems composed of starch and latex coatings on paper substrates
determined that the FITC starch can be mixed and cooked with untagged starch for
comparable CLSM images. From the CLSM imaging of the model systems, the starch
was seen penetrating deeper into the paper than the latex, as seen in previous studies
(Purington et al., 2017). With this, starch tagging, coating, imaging, and analyzing
methods were validated for future studies.
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CHAPTER 5
INFLUENCE OF VARIOUS COATING PARAMETERS ON BINDER MIGRATION
5.1. Introduction
In this chapter, the effect of various coating parameters on binder migration is
reported. Binder migration can be broken up into two aspects: binder separation and
penetration. Binder separation accounts for how much the binders separate from one
another within the coating or paper layer. Binder penetration takes into account how
deep into the paper the binders penetrate. For these studies, binder migration was
considered to be both binder separation and penetration.
Among the various coating parameters, one parameter, in particular, that can
affect binder migration is the type of pigment used. Large pigments are known to
allow binder migration while smaller pigments reduce binder migration (Bitla et al.,
2003). In addition, different pigment shapes are thought to alter binder migration.
For example, plate like pigments can pack together to limit binder migration while
spherical pigments can allow binders to migrate (Altena and Belfort, 1984). Three
different pigments were used to show the effect of particle type, shape, and size on
the migration of both starch and latex. In this case, a ground calcium carbonate (GCC),
a precipitated calcium carbonate (PCC), and a clay pigment were used.
Binder migration can also be affected by different ratios of binder to pigment,
i.e. different amounts of binder. Typically, industrial coatings are made using 10 or 20
parts per hundred (pph) composition of binder to pigment; however, using different
ratios of binder to pigment can change the degree of binder migration. In this study,
the binder to pigment ratios studied were 10, 20, and 30 pph. The addition of more
85

binder could potentially increase binder migration since there will be more binder
available to migrate through the pores of the paper substrates. The decrease in binder
should decrease the amount of binder migration; however, the coating may turn out
to be too brittle to study. The type of drying a coating is exposed to has been reported
to affect binder migration. The rate at which water from the coating is evaporated can
alter binder migration in the sense that the faster water evaporates, the less time the
water has to absorb into the base paper. Slow drying should allow more binder
migration since there will be more time before the coating is fully dried into place,
fast drying should have limited binder migration since all the water should be
evaporated rapidly.
5.2. Materials and Methods
The coating formulations using various pigments consisted of 5 pph of starch
mixture and 5 pph of latex on a dry basis with the exception of the coating
formulations for the binder composition study. The starch was a 50/50 mixture of
tagged/untagged starch that was cooked at a 20% solids content for one hour at
100°C. The latex was at a 50.5% solids content and tagged with rhodamine B at 0.015
wt%. The GCC, PCC, and clay pigments used were HydraCarb 60 (OMYA), OpaCarb 40
(Specialty Minerals), and HydraFine 90 (Kamin), respectively. The GCC and clay
pigments were at a 65% solids content, while the PCC pigment was at a 60% due to
dispersion issues during mixing.
For each coating formulation, the pigment was poured into a plastic container
and mixed with the cooked starch using a hand blender. The latex was added and
mixed until the coating formulation was homogeneously mixed. All coatings were
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applied to wood free paper, blotter paper, and newsprint as the paper substrates of
choice, using the draw down blade coater at an average coat weight between 80 and
100 g/m2 and dried in an oven at 105°C for 15 minutes following the method
described in Chapter 4 Section 1.5. One set of samples were air dried for an hour and
another was dried with IR lamps for 20 minutes. Once fully dry, microscope slide
preparation of each coating consisted of the paper coating sample to be placed face
down on a cutting board and cut into a strip using an X-acto knife and mounted into
a microscope slide following the methods of Chapter 4 Section 1.6. The CLSM imaging
was analyzed using ImageJ based on the methods of Chapter 4 Section 1.7 to
determine the starch, latex, and reflected light thicknesses, starch to latex thickness
(S/L) ratio, and percent coating penetration into paper substrate. The S/L ratio was
used to compare various coatings to one another by looking at the degree of binder
separation. For the S/L ratio, the binder thicknesses were measured from the surface
of the coating to the deepest point where binder was seen. These thicknesses were
then used to calculate a qualifiable ratio of the starch to latex thickness. When the S/L
ratio is less than one, the latex penetrated deeper than the starch. When the S/L ratio
is greater than one, the starch penetrated deeper than the latex.
5.3. Results and Discussion
5.3.1. Pigment Study
A GCC, PCC, and clay pigment were used for this pigment type study. The
average particle size, aspect ratio, and shape, as determined using SEM analysis on
limited samples is given in Appendix C and are summarized in Table 5.1.
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Table 5.1: Pigment size, aspect ratio, and shape properties of the three types of
pigments.
Pigment Type

Size [µm]

Aspect Ratio

Shape

GCC

1.5 ± 0.2

1.7 ± 0.2

Blocky and bulky

PCC

2.1 ± 0.3

7.4 ± 0.3

Thin but long, rod-like

Clay

0.9 ± 0.2

1.2 ± 0.3

Thin and plate-like

Coating formulations were made up using 5 pph cooked starch and 5 pph latex
in GCC, PCC, and clay pigments. Due to a lower starting solids content of the PCC
pigment (60%), the overall coating formulation solids content was also lower than
that of the GCC and clay (65% solids initially) pigment coating formulations. The GCC
and clay pigment coating formulations had a final solids content of 58%, while the
PCC pigment had a 55% solids content.
The CLSM images of the GCC, PCC, and clay coatings on wood free paper,
blotter paper, and newsprint are shown in Figures 5.1, 5.2, and 5.3, respectively. From
image analysis as described in Chapter 4 Section 1.7, the binder thickness and sample
thickness were obtained and are reported in Table 5.2. For all pigment types, the
starch penetrated deeper into the paper than the latex in the wood free and blotter
paper samples, which is consistent with previous studies (Purington et al., 2017).
With the porous structure of the paper substrates, the soluble starch molecules
penetrate deeper into the substrate than the latex which has a particle size range of
110 to 140 nm, according to the manufacturer. However, the newsprint samples
shown in Figure 5.3, unexpectedly, show latex penetrating deeper into the substrate
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than the starch for all pigment types. Compared to the starch and latex model coating
systems (Chapter 4 Section 2.4), the pigment coatings are more than twice the
thickness of the model systems due to the increased solids of the formulations. Within
the same volume, the pigment coatings contained more coating particles causing a
larger thickness. The starch and latex separation in the model coatings was larger
than that of the pigment coatings, while the coating penetration was smaller.
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Figure 5.1: Representative CLSM images of GCC (a), PCC (b), and clay (c) pigment
coating on wood free paper containing 10 pph binder. The coating layer is located
on the right side of the paper.
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Figure 5.2: Representative CLSM images of GCC (a), PCC (b), and clay (c) pigment
coating on blotter paper containing 10 pph binder. The coating layer is located on
the right side of the paper.

91

Figure 5.3: Representative CLSM images of GCC (a), PCC (b), and clay (c) pigment
coating on newsprint containing 10 pph binder. The coating layer is located on the
right side of the paper.
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Table 5.2: Measured paper, coating thickness, starch to latex ratio (S/L), and percent
penetration into the paper of the GCC, PCC, and clay pigment coating on wood free,
blotter, and newsprint papers determined from CLSM imaging.

Pigment

Paper

Type

Substrate

GCC

Starch
Thickness

Latex

Reflected

Percent

Thickness Thickness S/L Ratioa Penetration

[µm]

[µm]

[µm]

Wood free

130 ± 10

70 ± 10

170 ± 20

1.9 ± 0.2

70 ± 10%

PCC

Wood free

90 ± 10

50 ± 10

170 ± 10

1.8 ± 0.2

40 ± 10%

Clay

Wood free

90 ± 10

70 ± 10

180 ± 10

1.3 ± 0.2

40 ± 10%

GCC

Blotter

60 ± 10

50 ± 10

570 ± 30

1.1 ± 0.3

10 ± 10%

PCC

Blotter

50 ± 20

50 ± 20

550 ± 20

1.0 ± 0.6

0 ± 20%

Clay

Blotter

60 ± 10

40 ± 10

630 ± 30

1.5 ± 0.3

5 ± 20%

GCC

Newsprint

110 ± 20

130 ± 20

140 ± 10

0.8 ± 0.2

80 ± 10%

PCC

Newsprint

50 ± 10

80 ± 20

100 ± 10

0.6 ± 0.3

70 ± 10%

Clay

Newsprint

70 ± 20

100 ± 20

130 ± 10

0.7 ± 0.3

50 ± 20%

aThe

into Paper

starch and latex thickness in the CLSM images were measured individually as

the distance of penetration into the paper from the surface of the coating to
determine the S/L ratio.
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To summarize and compare the results, the starch to latex thickness ratio
comparing the binder separation into the substrate is given in Figure 5.4. As expected,
different degrees of binder separation and penetration into the paper substrates were
seen between the three pigments and for the different papers. The clay pigment
particles resulted in the least amount of binder migration on both the wood free paper
and newsprint, with similar migration to the other pigments on the blotter paper. This
result is expected because the clay pigment packed tightly with limited pores between
the particles due to the small size of the pigment particles, as shown in the SEM
images in Appendix C. The PCC pigment, on the other hand, has the largest particle
size and aspect ratio. Due to the rod-like nature of the PCC, the pigment particles stack
and pack closer together than the GCC pigment. The migration of the PCC and clay
pigments are consistent with previous studies, where little migration was seen with
a PCC pigment and no visible migration was seen with a clay pigment (Purington et
al., 2017). Similarly, previous studies reported that if pigments are small enough, like
in the case of fine clays, little to no binder migration is seen (Chattopadhyay, 2012).
Finally, the GCC pigment, while not the largest, was the blockiest pigment packing and
generated large pores as seen in Appendix C. The bulky pigment did not inhibit the
migration of binder into the paper. Larger particles created larger pores causing the
binders to migrate deeper into the coating and paper substrate (Chattopadhyay, 2014
and Bilta, 2003).
Comparing the paper substrates, the blotter paper showed much less binder
separation and penetration than the wood free paper and the newsprint. This result
is not expected because the blotter paper has a high absorption rate and capacity to
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absorb, as shown in Figure 4.10. The surface of each substrate was imaged with SEM
and given in Appendix D; newsprint and the blotter paper had clear large pores that
allow for absorption and transport of starch and latex. The wood free paper appeared
to be sized, as seen by the white specks on the surface of the substrate in the SEM
imaging (Figure D.1). Sizing of paper consists of typically using modified starches to
fill in the surface pores of paper substrates to smoothen paper and decrease the
absorbance for improved printing (Hardman and Cole, 1960). The results indicate
that the starch molecules are able to penetrate into the paper compared to the latex
particles that are around 100 nm; this result is similar to the starch-latex mixtures on
various papers (Purington et al., 2017). Looking at the blotter paper and the
newsprint, both substrates contain fibers with large pores between the fibers; yet
there is a difference in the binder migration of the two substrates. Therefore, two
results are hard to explain: 1) deeper penetration of the latex than starch in the
newsprint samples and 2) the limited binder penetration in the blotter paper
compared to the other papers.
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Figure 5.4: Comparison of the starch to latex penetration ratio (S/L) of the three
different pigments (GCC, PCC, and clay), as well as the different paper substrates
(blotter paper, wood free paper, and newsprint).
One particular coating parameter that caused the latex to penetrate deeper
than starch in the newsprint was the solids content of the coating formulations. At
58% and 55% solids for the GCC and clay, and PCC coatings, respectively, the
newsprint coatings showed deeper latex penetration than starch. When the solids of
the coatings were decreased to 50% solids and applied to the newsprint, the CLSM
imaging given in Appendix E showed starch penetrating deeper into the substrate
than the latex.
A few mechanisms could explain how latex is located deeper than starch in
newsprint, but were ruled out when the starch was seen penetrating deeper than the
latex in the coatings on the other papers and for starch-latex mixtures:
1) The starch was interacting and attracting to the mechanically treated fibers
of the newsprint preventing it from penetrating deeper into the paper. However,
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starch penetrated deeper into the newsprint for the starch and latex mixtures seen in
Chapter 4 Section 2.4.
2) The starch interacted with the pigment particles themselves which would
prevent the starch from penetrating into the paper. This mechanism does not apply
due to the fact that the latex did not penetrate further into all of the different paper
substrates.
3) During the drying of the newsprint, starch migrated back towards the
pigment coating layer due to the fine pores in that layer, as depicted in Figures 5.5
and 5.6. In the coatings with no pigment, as the water from the coating formulation
saturated the substrates, the binders were pulled into the pores between the fibers
and starch penetrated further than latex because of its mobility. During drying of the
case with no pigment, there was no preferred motion of the liquid phase because the
drying was uniform in the paper with uniform pore size distribution. The presence of
pigments created a porous layer with fine pores at the surface of the paper during
drying which is able to pull liquid from the paper due to capillary forces (Hagen,
1986) and brought starch back towards the surface (Morrow et al., 1973). The latex
likely moved towards the surface as well, but it had the potential of becoming trapped
in the paper as it is much larger than the starch, shown in Figure 5.6.
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Figure 5.5: Binder migration mechanism for starch and latex mixture on newsprint
showing a wet coating (a) and a dry coating (b). No preferred motion of water
during drying because of uniform pore space.

Figure 5.6: Binder migration mechanism for GCC pigment coating on newsprint
showing a wet coating (a) and a dry coating (b). The direction of the water during
drying is shown by the arrows caused by the fine pores generated by the pigments.
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To test this last mechanism, newsprint samples were taped on top of blotter
paper prior to coating with the pigment coating to provide the coating formulation
with more volume for the water to absorb into. The CLSM analysis of this coating
system is given in Appendix E and showed that the addition of the blotter paper lead
to starch penetrating deeper into the newsprint than the latex and even into the
blotter paper on the back side. The addition of the extra substrate underneath the
newsprint provided the coating formulation with more volume to absorb into and a
path for drying towards the back side of the paper. Without the blotter paper, the
newsprint was fully saturated with water on the glass backing during coating. As a
result, the starch remained deep within the newsprint substrate along with the latex
depicted in Figure 5.7.
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Figure 5.7: Binder migration mechanism for GCC pigment coating on newsprint, on
top of blotter paper showing a wet coating (a) and a dry coating (b). The direction of
the water during drying is shown by the arrows.
To further verify the mechanism, a coating of only starch and latex was applied
onto newsprint with blotter paper placed on top of the wet coating before drying.
From the CLSM imaging of this system found in Appendix E, the starch ended up
enriching the blotter paper while the majority of the latex remained in the newsprint
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(Figure 5.8). This is the opposite result of when the blotter paper is not present and
resembled the results when pigments are present. The addition of blotter paper at
the surface created pores through which, during drying, capillary forces pulled water
and binder particles deep into the blotter paper, as shown in Figure 5.8b.
Similarly, another coating system studied contained blotter paper placed
underneath the newsprint prior to coating with another piece of blotter paper placed
on top of the wet pigment coating that was applied to the newsprint right after
coating. In this case, the CLSM imaging (Appendix E) determined that the starch was
pulled into the blotter paper at the surface of the coating layer while the latex was left
behind in the newsprint. Unlike in the starch and latex only system (Figure 5.8), in
this case, the blotter paper acted as a porous layer in which capillary forces pulled
water and starch deeper into the substrate(Figure 5.9). In addition, the pigments
created a porous filter cake which also enabled the starch to migrate deeper into the
substrate due to capillary forces while keeping the larger particles, like latex and the
pigments, where they are.
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Figure 5.8: Binder migration mechanism for starch and latex mixture on newsprint
with blotter paper on top of the coating showing a wet coating (a) and a dry coating
(b). The direction of the water during drying is shown by the arrows.
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Figure 5.9: Binder migration mechanism for GCC pigment coating on newsprint with
blotter paper on top of the coating showing a wet coating (a) and a dry coating (b).
The direction of the water during drying is shown by the arrows.
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The reverse capillary motion mechanism used to explain the deeper latex
penetration in the newsprint also explains the low penetration of the coatings on the
absorbent blotter paper. When a coating is applied on the blotter paper, likely the
starch and latex will penetrate a significant distance into the paper substrate when
wet. However, when the sample dried, the fine pores of the coating layer were able to
pull latex and starch back towards the surface. Both starch and latex were expected
to be mobile in the large pores of the blotter paper and were able to migrate back into
the coating layer at the surface of the blotter paper. This result has important
implications in the control of binder location in these systems. With this, the deeper
penetration of the latex in the newsprint and starch in the blotter paper can be
explained by the capillary motion of water during drying. The pigment layer
contained fine pores which pull water to the surface of the paper substrate. This
motion of water pulled the starch out from the newsprint substrate. The latex, on the
other hand, was less mobile, as it is larger, and remained within the paper substrate.
5.3.2. Binder Content Study
Table 5.3 outlines the amount of each binder and the overall solids of the
coating formulations. The solids content of the 10, 20, and 30 pph of binder coating
formulations decreased as more binder was added.
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Table 5.3: Amounts of starch and latex used in each coating formulation and total
solids content of each of the 10, 20, and 30 pph coating formulations made.
Total Solids

Binder

Amount of

Amount of

Content

starch [mL]

Latex [mL]

10 pph

2.5

1

58%

20 pph

5

2

54%

30 pph

7.5

3

50%

Content of
Formulation

The CLSM images of the 10, 20, and 30 pph coatings on wood free paper
(Figure 5.10) and blotter paper (Figure 5.11) showed the starch penetrating deeper
into the base paper than the latex for all binder contents. The CLSM determined
thicknesses, S/L ratios, and percent penetration of the various coatings is given in
Table 5.4. For the newsprint substrate, the latex is seen to penetrate deeper into the
substrate for only the 10 pph sample, which is consistent with the newsprint coatings
from Chapter 5 Section 3.1. In the 20 and 30 pph newsprint samples, the starch
appears to penetrate deeper into the substrate than the latex. Typically, binder
penetration was reduced with increased binder content, which is likely due to the
increased viscosity of the formulations limiting component movement.
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Figure 5.10: Representative CLSM images of 10 pph (a), 20 pph (b), and 30 pph (c)
GCC pigment coating on wood free paper. The coating layer is located on the right
side of the paper.
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Figure 5.11: Representative CLSM images of 10 pph (a), 20 pph (b), and 30 pph (c)
GCC pigment coating on blotter paper. The coating layer is located on the right side
of the paper.
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Figure 5.12: Representative CLSM images of 10 pph (a), 20 pph (b), and 30 pph (c)
GCC pigment coating on newsprint. The coating layer is located on the right side of
the paper.
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Table 5.4: Measured paper, coating thickness, starch to latex ratio (S/L), and percent
penetration into the paper of the 10, 20, and 30 pph pigment coating on wood free,
blotter, and newsprint papers determined from CLSM imaging.

Binder

Paper

Content

Substrate

10 pph

Starch
Thickness

Latex

Reflected

Percent

Thickness Thickness S/L Ratioa Penetration

[µm]

[µm]

[µm]

Wood free

130 ± 10

70 ± 10

170 ± 20

1.9 ± 0.2

71 ± 10%

20 pph

Wood free

70 ± 20

50 ± 10

130 ± 20

1.4 ± 0.3

43 ± 20%

30 pph

Wood free

60 ± 10

40 ± 10

140 ± 10

1.5 ± 0.3

43 ± 10%

10 pph

Blotter

60 ± 10

50 ± 10

570 ± 30

1.2 ± 0.3

3 ± 10%

20 pph

Blotter

70 ± 20

50 ± 10

680 ± 20

1.4 ± 0.3

0 ± 10%

30 pph

Blotter

70 ± 20

60 ± 20

590 ± 30

1.2 ± 0.4

1 ± 10%

10 pph

Newsprint

110 ± 20

130 ± 20

140 ± 10

0.8 ± 0.2

84 ± 20%

20 pph

Newsprint

100 ± 10

70 ± 20

100 ± 10

1.4 ± 0.3

100 ± 10%

30 pph

Newsprint

80 ± 10

50 ± 10

120 ± 10

1.6 ± 0.2

65 ± 10%

aThe

into Paper

starch and latex thicknesses in the CLSM images were measured individually as

the distance of penetration into the paper from the surface of the coating to
determine the S/L ratio.
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A starch to latex thickness ratio (S/L) was calculated for each of the coatings
on each paper, in order to compare the three types of binder content coatings on the
various paper substrates (Figure 5.13). The wood free paper showed a slight decrease
in the S/L ratio, while the newsprint showed a slight increase in the ratio, as the
binder content increased. In addition, there was also a decrease in the coating
penentration for both the newsprint and the wood free paper. As the amount of
binder in the coating increased, the increase in viscosity of the coating layer inhibited
binder migration as the coating formulation could no longer flow as easily through
the paper substrate pores (Yiotis et al., 2004). At higher binder content in the
newsprint, the increase in the binder particles caused the distance between the
pigment particles to be larger, allowing the latex to migrate back to the surface of the
coating, as discussed in Chapter 5 Section 3.1. In the wood free paper, the starch could
still migrate into the paper, but to a lesser extent since the wood free paper did not
contain free and open large pores due to the paper sizing. These results are consistant
with previous findings which concluded that the smaller particles get pulled deeper
into the coating layer through capillary forces as the water leaves the coating layer
(Chattopadhyay, 2012). In addition, according to Keddie (1997), onset of film
formation of latex starts to occur when the latex particles start to pack together as the
water is evaporating from the coating layer. In the higher binder coatings, there were
more latex particles present which caused the onset of film formation to start earlier.
The faster the latex formed a film, the less time the starch had to penetrate into the
paper. The blotter paper, on the other hand, did not show signs of increased binder
seperation or binder penetration with increased binder content which was caused by
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the density and absorbence of the blotter paper itself. The large pores of the blotter
paper allowed water to move into the paper during coating and out of the paper
during drying due to capillary forces, as discussed above. As a result, the binders
within the blotter paper substrate were pulled back to the surface of the paper during
drying.
2.5
Brochure paper

Wood free paper

Newsprint

S/L

2
1.5
1
0.5
0
0

10
20
Amount of binder (pph)

30

Figure 5.13: Comparison of the starch to latex ratio (S/L) of the three different
binder content coatings (10, 20, and 30 pph), as well as the different paper
substrates (blotter paper, wood free paper, and newsprint).
5.3.3. Binder Composition Study
Coating formulations of different amounts of starch, latex and GCC pigment
were made based on parts by weight, as shown in Table 5.5. The pigment coatings
had higher solids content at higher amounts of latex. High viscosity liquid phase, as
when the starch concentration increases, should lead to less penetration of binder
into the paper layer caused by the coatings decreased ability to flow.
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Table 5.5: Coating composition and amounts of starch and latex making up 10 pph
binder in coatings with the overall solids content of the coating formulation.
Amount

Amount

Solids

of Latex

Content of

[mL]

Formulation

90

1.8

62%

1.5

70

1.4

60%

70

3.5

30

0.6

56%

90

4.5

10

0.2

55%

Percent
of

of Starch

Starch

[mL]

1

10

0.5

2

30

3
4

Formulation

Percent of
Latex

As with other studies, the different compositions of starch to latex within the
coating formulations were applied and studied on wood free paper, blotter paper, and
newsprint. Using the CLSM images, the thicknesses of each binder and the reflected
light were determined and used to calculate binder separation (S/L) and penetration
into the paper (Table 5.6). Similar to previous coatings on wood free and blotter
papers (Chapter 5 Sections 3.1 and 3.2), the starch penetrated deeper into the
substrate than the latex, based on the CLSM images (Figures 5.14 and 5.15). The CLSM
imaging of the newsprint samples (Figure 5.16) showed latex penetrating deeper into
the substrate for all binder compositions, consistent with newsprint coatings studied
in Chapter 5 Section 3.1. The coating penetration into the wood free paper decreased
as the amount of starch in the formulation was increased due to an increase in coating
formulation viscosity. Alternatively, the blotter paper and the newsprint did not show
significant differences in the coating penetration when the coating composition was
changed.
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Figure 5.14: Representative CLSM images of GCC pigment coating on wood free
paper with starch to latex ratios of 10/90 (a), 30/70 (b), 70/30 (c), and 90/10 (d).
The coating layer is located on the right side of the paper.
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Figure 5.15: Representative CLSM images of GCC pigment coating on blotter paper
with starch to latex ratios of 10/90 (a), 30/70 (b), 70/30 (c), and 90/10 (d). The
coating layer is located on the right side of the paper.
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Figure 5.16: Representative CLSM images of GCC pigment coating on newsprint with
starch to latex ratios of 10/90 (a), 30/70 (b), 70/30 (c), and 90/10 (d). The coating
layer is located on the right side of the paper.
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Table 5.6: Measured paper, coating thickness, starch to latex ratio (S/L), and percent
penetration into the paper of the 10/90, 30/70, 70/30, and 90/10 starch
composition pigment coating on wood free, blotter, and newsprint papers.

Percent

Paper

Starch

Substrate

10

Starch
Thickness

Latex

Reflected

Percent

Thickness Thickness S/L Ratioa Penetration

[µm]

[µm]

[µm]

Wood free

50 ± 10

50 ± 10

150 ± 10

1.4 ± 0.2

43 ± 10%

30

Wood free

50 ± 10

40 ± 10

140 ± 20

1.3 ± 0.2

36 ± 10%

70

Wood free

50 ± 20

40 ± 20

140 ± 10

1.0 ± 0.4

29 ± 20%

90

Wood free

30 ± 10

50 ± 20

110 ± 10

0.8 ± 0.3

96 ± 10%

10

Blotter

50 ± 10

50 ± 20

510 ± 40

1.4 ± 0.3

10 ± 10%

30

Blotter

40 ± 10

40 ± 10

550 ± 40

1.0 ± 0.3

3 ± 20%

70

Blotter

60 ± 10

60 ± 10

490 ± 10

1.0 ± 0.2

5 ± 10%

90

Blotter

70 ± 10

50 ± 20

500 ± 20

1.4 ± 0.3

9 ± 10%

10

Newsprint

60 ± 10

70 ± 10

90 ± 20

0.9 ± 0.2

98 ± 10%

30

Newsprint

60 ± 10

60 ± 10

110 ± 10

0.7 ± 0.2

65 ± 10%

70

Newsprint

50 ± 10

60 ± 10

90 ± 10

0.7 ± 0.3

88 ± 20%

90

Newsprint

80 ± 10

50 ± 10

140 ± 10

0.7 ± 0.2

92 ± 10%

aThe

into Paper

starch and latex distances from the surface of the coating in the CLSM images
were measured individually to determine the S/L ratio.
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The starch to latex thickness ratio (S/L) calculated for all coatings on each
paper showed the difference in starch and latex penetration depth and separation
within the coating layer and is shown in Figure 5.17. For the wood free paper, the
degree of binder separation decreased slightly as the amount of starch in the coating
increased. As the amount of starch increased, the viscosity of the coating formulation
also increased which decreased the coating formulation’s ability to flow, decreasing
the efficiency of the capillary forces that were able to pull water and coating into the
substrate (Tracton, 2005). At the highest starch composition in the wood free paper,
the latex was very dispersed over a large distance into the paper and appeared to
have penetrated through the entirety of the substrate. However, this may have been
caused by the decrease in the rhodamine B signal in the CLSM images and signal noise
causing the latex within the coating to appear larger than it really was even though
the gain and offset were similar to that of the other CLSM images. The increase in
viscosity of the coating formulation also caused the binder separation in the blotter
paper to increase as the starch composition was increased. Capillary forces could not
cause the binders to migrate as efficiently in the more viscous coatings. The newsprint
substrate did not show significant differences in the binder separation due to the
paper becoming fully saturated with water from the coating formulation. With the
newsprint fully saturated with water, capillary forces had no choice but to pull starch
and water to the surface of the coating formulation during drying, as discussed in
Chapter 5 Section 3.1.
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Figure 5.17: Comparison of the starch to latex ratio (S/L) of the three different
binder composition coatings (10/90, 30/70, 70/30, and 90/10 starch to latex), as
well as the different paper substrates (blotter paper, wood free paper, and
newsprint).
5.3.4. Drying Rate Study
For this study, three different drying conditions were applied for all coating
formulations on all substrates. The first drying condition was slow drying where
coatings were left to air dry. The second drying condition was moderate dying where
draw down coatings were placed under high power IR heat lamps for 20 minutes. The
third drying condition was rapid drying where draw down coatings were placed into
an oven at 105 °C for 15 minutes; in this case, the samples were likely dry in less than
5 minutes. These different drying conditions helped determine how much binder
migration occurs during drying and which condition has the least binder migration.
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The CLSM imaging of the various drying rate coatings on wood free paper,
blotter paper, and newsprint (Figures 5.18-5.20, respectively) were consistent with
previous coatings seen in previous chapters. Table 5.7 shows the thicknesses, S/L
ratio and penetration values. The starch penetrated deeper into the paper than the
latex for the wood free and blotter papers, while the latex penetrated deeper in the
newsprint with the exception of the air-dried sample. Binder penetration into the
wood free and blotter paper substrates showed no significant change as the drying
speed increased. The newsprint samples, on the other hand, showed an increase in
the binder separation as drying was increased. As discussed in Chapter 5 Section 3.1,
the newsprint substrate was fully saturated with binder and water from the coating
formulation, but during drying, starch was able to migrate towards the coating layer,
while some latex was left behind. However, with air drying, the latex seemed to be
able to also move to a similar extent as starch, back towards the coating surface,
resulting in small separation of the two binders and little penetration.
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Figure 5.18: Representative CLSM images of GCC pigment coating on wood free
paper that were air dried (a), IR lamp dried (b), and oven dried (c). The coating
layer is located on the right side of the paper.
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Figure 5.19: Representative CLSM images of GCC pigment coating on blotter paper
that were air dried (a), IR lamp dried (b), and oven dried (c). The coating layer is
located on the right side of the paper.
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Figure 5.20: Representative CLSM images of GCC pigment coating on newsprint that
were air dried (a), IR lamp dried (b), and oven dried (c). The coating layer is located
on the right side of the paper.
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Table 5.7: Measured paper, coating thickness, starch to latex (S/L) ratio, and percent
penetration into the paper of the air, IR lamp, and oven dried pigment coating on
wood free, blotter, and newsprint papers determined from CLSM imaging.

Pigment

Paper

Type

Substrate

Air Dry

Starch
Thickness

Latex

Reflected

Percent

Thickness Thickness S/L Ratioa Penetration

[µm]

[µm]

[µm]

into Paper

Wood free

60 ± 10

30 ± 10

120 ± 10

2.0 ± 0.3

20 ± 10%

Lamp Dry

Wood free

40 ± 10

30 ± 10

120 ± 20

1.1 ± 0.2

29 ± 20%

Oven Dry

Wood free

60 ± 10

40 ± 10

130 ± 10

1.5 ± 0.2

36 ± 10%

Air Dry

Blotter

100 ± 20

70 ± 20

480 ± 30

1.4 ± 0.2

10 ± 10%

Lamp Dry

Blotter

40 ± 10

30 ± 10

480 ± 20

1.3 ± 0.3

5 ± 20%

Oven Dry

Blotter

40 ± 10

40 ± 10

480 ± 10

1.0 ± 0.3

3 ± 20%

Air Dry

Newsprint

70 ± 20

70 ± 20

180 ± 20

1.0 ± 0.3

12 ± 10%

Lamp Dry

Newsprint

50 ± 10

90 ± 10

110 ± 10

0.6 ± 0.2

98 ± 10%

Oven Dry

Newsprint

60 ± 20

120 ± 10

140 ± 20

0.5 ± 0.2

95 ± 10%

The starch and latex thicknesses in the CLSM images were measured individually as

a

the distance of penetration into the paper from the surface of the coating to
determine the S/L ratio.
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The S/L penetration ratio was calculated for all of the drying methods on each
paper substrate and is shown in Figure 5.21 for comparison purposes. Both the wood
free and blotter papers exhibited a similar trend in that the drying rate had no
influence on the results. The newsprint, on the other hand, had an increase in the
binder separation as the drying rate increased. Rapid drying seemed to cause the
starch and latex to be left behind in the paper sample, but the air drying resulted in
little separation of starch and latex as well as little penetration.

3

Blotter paper

Wood free paper

Newsprint

2.5

S/L
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Figure 5.21: Comparison of the starch to latex ratio (S/L) of the three drying
conditions (air, lamp, and oven drying), as well as the different paper substrates
(blotter paper, wood free paper, and newsprint).
5.3.5. Coat Weight Study
Another parameter during coating that can be altered to study how it affects
binder migration is coat weight. Typical coatings in industry are between 20 – 30 μm
thick, with some thinner coatings at 10 μm. In this study, GCC coating formulations
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were coating on wood free paper, blotter paper, and newsprint to try to target 10, 20,
30, 50, and 100 μm coatings. For all paper types, the 10 and 20 µm thick coatings
could not be obtained, since those attempted thickness coatings made the paper
substrate stick to the blade of the draw down coater and resulted in ripped papers
and coatings. The targeted 100 μm coatings were slightly thinner on the blotter paper
and newsprint.
Looking at the coatings of different thicknesses on the three paper substrates,
the CLSM imaging of the coatings (Figures 5.22-5.24) show deeper starch penetration
than latex for the wood free and blotter papers, with deeper latex penetration in the
newsprint samples, consistent with previously analyzed coatings. The thinnest wood
free paper coating (Figure 5.22a) showed the latex penetrating deeper than the starch
in a few locations. Another outlier in the results was the thinnest coating on the
newsprint (Figure 5.24a). In this coating, the starch penetrated deeper into the
substrate than the latex. The newsprint substrate was not fully saturated with water
from the coating formulation during coating due to the thin target coat weight which
allowed the water to continue to be pulled into the substrate along with the starch
during drying. Overall, as the coating thickness increased for all paper substrates, the
binder penetration into the paper increased due to the increase in water in the
coating. When more coating was applied onto the base paper to obtain a thicker
coating, a larger volume of water was present that exhibited capillary forces to
separate out binders to a larger extent, as has been discussed in Chapter 5 Section 3.1.
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Figure 5.22: Representative CLSM images of GCC pigment coating on wood free
paper with coat thickness of 33.3 (a), 60 (b), and 100 µm (c). The coating layer is
located on the right side of the paper.
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Figure 5.23: Representative CLSM images of GCC pigment coating on blotter paper
with coat thickness of 23.3 (a), 50 (b), and 80 µm (c). The coating layer is located on
the right side of the paper.
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Figure 5.24: Representative CLSM images of GCC pigment coating on newsprint with
coat thickness of 20 (a), 60 (b), and 90 µm (c). The coating layer is located on the
right side of the paper.
128

Table 5.8: Measured paper, coating thickness, starch to latex (S/L) ratio, and percent
penetration into the paper of the different targeted coating thickness coatings on
wood free, blotter, and newsprint papers determined from CLSM imaging.

Coating

Paper

Thickness

Substrate

30 µm

Starch
Thickness

Latex

Reflected

Percent

Thickness Thickness S/L Ratioa Penetration

[µm]

[µm]

[µm]

Wood free

40 ± 10

60 ± 20

110 ± 10

0.9 ± 0.2

21 ± 20%

60 µm

Wood free

50 ± 10

60 ± 30

130 ± 20

1.1 ± 0.3

36 ± 20%

100 μm

Wood free

130 ± 10

70 ± 10

170 ± 20

1.9 ± 0.2

71 ± 10%

20 µm

Blotter

50 ± 10

40 ± 10

480 ± 10

1.3 ± 0.3

1 ± 10%

50 µm

Blotter

80 ± 20

50 ± 10

550 ± 20

1.6 ± 0.3

14 ± 20%

80 μm

Blotter

110 ± 20

60 ± 10

530 ± 10

1.8 ± 0.2

20 ± 20%

20 µm

Newsprint

60 ± 10

50 ± 10

150 ± 20

1.2 ± 0.2

13 ± 10%

60 µm

Newsprint

70 ± 10

70 ± 10

150 ± 10

0.9 ± 0.2

33 ± 10%

90 μm

Newsprint

110 ± 20

130 ± 20

140 ± 10

0.8 ± 0.2

84 ± 10%

aThe

into Paper

starch and latex thicknesses in the CLSM images were measured individually as

the distance of penetration into the paper from the surface of the coating to
determine the S/L ratio.
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After all the different thickness coatings were analyzed, the S/L ratio was
calculated to compare the binder separation of all the paper substrates (Figure 5.25).
For all paper substrates, the amount of binder separation and penetration into the
substrate increased as the coating thickness increased. The newsprint samples
showed the least amount of binder separation as the thicker coatings became fully
saturated with water, as discussed in Chapter 5 Section 3.1. With more coating
applied onto the base paper to obtain a thicker coating, there was more water present
that needed to evaporate off which provided the binders with more time to migrate
through the substrates.
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Figure 5.25: Comparison of the starch to latex ratio (S/L) of the various coat
thickness coatings on the different paper substrates (blotter paper, wood free paper,
and newsprint).
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5.4. Conclusions
CLSM imaging of FITC tagged starch and rhodamine B tagged latex, in the
presence of pigments, was used to determine the location of starch and latex within
coating layers and paper substrates. While investigating different parameters, several
trends were consistent between the paper substrates. The wood free and blotter
papers exhibited starch penetrating deeper into the substrates while the newsprint
had latex penetrating further. The blotter paper generally had the least amount of
binder penetration which seemed to be caused by the easy migration of starch and
latex through large pores back to the surface during drying. The newsprint had the
largest penetration caused by the full saturation of the substrate with water. The
pigment with the most binder migration was the bulkiest pigment, the GCC pigment,
as previous studies have similarly reported (Purington et al., 2017). In terms of binder
content, the general trend seen was that the more starch in the coating formulation,
the more viscous the coating and the less binder migration was seen due to the
coating’s decreased ability to flow. In addition, the faster the drying rate, the less the
binder penetrated into the substrates; however, the more the binders separated as
the water absorbed into the substrates. Lastly, the increased coating thicknesses
resulted in increased binder migration caused by more water containing binders was
able to absorb into the substrates.
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CHAPTER 6
CONCLUSIONS
Binders like starch and latex can migrate during the coating process. There are
many different parameters that can affect how binder migration occurs. Some of these
parameters include the coating and drying processes, as well as the coating
compositions. This study was unique in its method of imaging fluorescently active
starch, latex, and even CNF, together, to determine each component’s individual
location. In this study, some of these parameters were studied to determine how
much binder migration can be altered and potentially limited by changing one thing
at a time.
Two separate methods have been proven successful to tag CNF with FITC:
through (1) covalent binding and (2) physical adsorption. Several stability tests
proved that the adsorption of FITC to CNF was stable enough for the FITC adsorbed
CNF to be used in paper coatings to study the effect of CNF solids content on the
migration of CNF. The solids study showed that increased solids content of CNF lead
to a decrease in CNF penetration into the base paper. In addition, adsorption and
stability of various other dyes were successful in determine the mechanism for the
adsorption of FITC to CNF.
Initially, a new method of tagging starch in the water phase was successfully
attempted, after its success with tagging CNF, producing a FITC tagged starch with a
functionality of 3.3%. Model systems containing starch and latex determined that
with the high functionalization of the starch, the FITC starch can be mixed and cooked
with untagged starch for comparable CLSM images. With CLSM imaging, the model
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systems showed starch penetrating deeper into the paper for all three paper
substrates, consistent with previous findings (Purington et al., 2017).
One of the first parameters studied was the effect of pigment on binder
migration. Large pigments are known to allow binder migration while smaller
pigments prohibit binder migration (Bitla et al., 2003). For this study, the pigments
compared were a GCC (1.5 µm diameter), a PCC (2.1 µm diameter), and a clay (0.9 µm
diameter) pigment. The study concluded that the GCC showed the largest binder
separation with the most coating penetration into the various substrates, as it was
the bulkiest pigment. The clay pigment which was the smallest pigment, on the other
hand, showed the least binder separation and penetration into substrates. Based on
previous studies, while little migration was seen with a PCC pigment, no visible
migration was seen with a clay pigment (Purington et al., 2017). This is caused by the
size of the particles since larger pigments increase binder migration (Bilta, 2002).
With the most binder separation seen in the GCC pigment, it was chosen for further
studies to maximize the amount of binder migration seen under various conditions.
In addition, the newsprint was the only substrate that seemed to show latex
penetrating deeper into the paper than the starch. Further investigation of this
phenomena discovered that the newsprint was being fully saturated with water from
the coating formulations causing reverse capillary forces to pull the water and starch
to the surface of the coating layer.
Another parameter that was studied was binder additives within the coating
formulations. First, the amount of binder added to the coating formulation was
studied where GCC coatings of 10, 20, and 30 pph binder were prepared and coated
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on various paper substrates. With more binder present in the coating formulation,
the more binder migration should be seen. However, this was not the case. For the
most part, starch penetrated deeper into the substrates than the latex for all
substrates, with the exception of the 10 pph coating on newsprint. The 10 pph coating
on newsprint showed latex deeper in the substrate due to the high solids content of
the coating formulation similar to those of Chapter 5 Section 2.1. As the amount of
binder (and in turn the viscosity) in the coating increased, capillary forces of the
water into the substrates become less prominent due to the coating’s decreased
ability to flow (Chattopadhyay, 2012) resulting in a decrease in the binder
penetration. Similarly, the ratio of starch to latex within the 10 pph composition of a
coating formulation was also studied. By changing the amount of starch to latex, the
viscosity, solids content, and binder content changed which should have changed
binder migration within the coating layers. From this study, it was evident that latex
penetrated deeper in the newsprint samples while starch penetrated deeper in the
wood free and blotter papers. Penetration of the coating seemed to reduce with starch
content, which was caused by an increase in the coating viscosity. While the blotter
paper showed the least amount of binder penetration, the newsprint showed the
most.
In terms of proccess parameters, one study focused on the effects of drying on
binder migration where three different drying methods were investigated (air, IR
lamp, and oven drying). Different drying rates resulted in coatings experiencing
different drying mechanisms like particle packing into filtercakes and capillary forces
(Chattopadhyay, 2012). The faster coatings were dried, the less time binders had to
134

migrate with more capillary forces occurring, which decreased the amount of binder
migration. In terms of increased drying rates, the thicker paper substrates (the wood
free and blotter papers) showed a decrease in the binder separation, with no
significant change in the binder penetration into the substrate. Alternatively, the
thinnest substrate (newsprint) showed an increase in both the separation and
penetration of the binders within the coating layer caused by the full saturation of the
substrate with water from the coating formulations.
One last study looked at how coating thickness affected binder migration. In
this study, the thicker the coating thickness, the more binder migration should be
seen since there is more water present intially to pull the binders deeper into the base
paper. For all paper substrates, the amount of binder separation and penetration into
the substrate increased as the coating thickness increased, as was expected. With
more coating applied onto the base paper to obtain a thicker coating, there was more
water present that needed to evaporate off which provided the binders with more
time to migrate further into the substrates.
Overall, the effect of various coating parameters on binder migration was
successfully studied on three separate paper substrates through the use of
fluorescently tagging binders and CLSM imaging. While many of the results seen in
this study were consistant with previous works, this study was unique in the sense
that the location of both starch and latex could be determined in respect to one
another, as well as the paper substrates. In general, higher solid content coatings
(55% and higher) on newsprint caused latex to penetrate deeper into the coating,
regardless of what coating parameter was atlered. The starch penetrated deeper into
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the substrate for both the wood free and blotter papers. In addition, the blotter paper
showed the least binder migration since it was a thick substrate a large volume of
pores. The newsprint, on the other hand, showed the most binder migration due to
the complete saturation and reverse capilary direction of flow of the substrate.
As with all methods, there are some drawbacks to the methods utilized in this
work. One of the drawbacks of using this method for determining the location of the
binders within the coatings is that the molecules have to be fluorescently active. As a
result, surface modification of the starch is necessary. In addition, it is not clear
whether or not the fluorescent dye molecules are interacting with the other coating
components like the pigments. Similarly, the use of CLSM imaging to determine the
location of binders within the coatings cannot be used to determine the
concentrations of binders within the coating layer.
Binder migration has been studied for many years, but with this study, there
is more understanding of how different parameters affect both starch and latex.
Although there were many parameters studied in this work, there are still a few
parameters that can be studied in the future. One future recommendation for
furthering this work would include fluorescent tagging of pigments, or pigment
dispersants, to determine the location of pigments relative to the binders using CLSM
to see if the starch or the latex interact differently with different pigments. Another
study could look at the affect of coating application on binder migration where a high
pressure and high speed coating application is compared to a low pressure and low
speed application method. In yet another study, the viscosiy of the coating
formulation and how it affect binder migration could also be studied in more detail.
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Another recommendation would be to study how binder migration is affected when
different additives like CNF or CNC are added to the coating formulations. In addition,
by combining Raman spectroscopy with CLSM imaging, the fluorescent activity from
the tagged binders can converted into concentration profiles of the coating layers.
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APPENDIX A
CALIBRATION CURVES FOR MOLAR ABSORPTIVITIES
To calculate the concentrations of FITC in various UV Vis prepped samples
accurately, a calibration curve for the FITC in water was made to determine the molar
absorptivity of FITC in water. Known concentrations of FITC in water were prepared
and imaged using UV Vis spectrometry to determine the absorbance. From UV Vis
spectroscopy (Figure A.1), the molar absorptivity of FITC in water is 13,400 M-1 cm-1.
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Figure A.1: Calibration curve of known concentrations of FITC in water with their
respective absorbance values determined by UV Vis spectroscopy to determine the
molar absorptivity of FITC in water.
Similarly, the molar absorptivity of FITC in pH 5 buffer solution was also
determined using a calibration curve of known concentrations of FITC with their
respective absorbance values, as shown in Figure A.2, to be 216,500 M-1 cm-1.
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Figure A.2: Calibration curve of concentration of FITC in pH 5 buffer solution and
their respective absorbance values to determine the molar absorptivity of FITC in
buffer solution.
The calibration curve of acridine orange determined that the molar
absorptivity of the dye in pH 5 buffer solution is 13,600 M-1 cm-1 (Figure A.3).

Absorbance

1
y = 13606x
R² = 0.936

0.8
0.6
0.4
0.2
0
0

0.00002
0.00004
Concentration [M]

0.00006

Figure A.3: Calibration curve of known concentrations of acridine orange in pH 5
buffer solution with their respective absorbance values determined by UV Vis
spectroscopy to determine the molar absorptivity of acridine orange in pH 5 buffer
solution.
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From the calibration curve for the Nile blue (Figure A.4), the molar

Absorbance

absorptivity for Nile blue in pH 5 buffer solution is 4,700 M-1 cm-1.
0.35
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y = 4710.7x
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0

0.00002 0.00004 0.00006
Concentration [M]

0.00008

Figure A.4: Calibration curve of known concentrations of Nile blue in pH 5 buffer
solution with their respective absorbance values determined by UV Vis
spectroscopy to determine the molar absorptivity of Nile blue in pH 5 buffer
solution.
From the calibration of the rhodamine B in pH 5 buffer solution (Figure A.5),
the molar absorptivity is 59,400 M-1 cm-1.
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Figure A.5: Calibration curve of known concentrations of rhodamine B in pH 5 buffer
solution with their respective absorbance values determined by UV Vis
spectroscopy to determine the molar absorptivity of rhodamine B in pH 5 buffer
solution.
The calibration curve of thioflavin determined that the molar absorptivity of
the dye n pH 5 buffer solution is 9,700 M-1 cm-1 (Figure ).
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Figure A.6: Calibration curve of known concentrations of thioflavin in pH 5 buffer
solution with their respective absorbance values determined by UV Vis
spectroscopy to determine the molar absorptivity of thioflavin in pH 5 buffer
solution.
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APPENDIX B
TEM ANALYSIS OF CNF
For CNF size analysis, CNF was prepared on a copper grid at 0.04% solids and
imaged using a TEM microscope. The TEM images were analyzed using ImageJ where
a 3x3 grid was placed. The diameter of ach fiber that crossed the grid lines was
measured.
Figure B.1 shows the TEM images of a starting CNF material with a measured
fiber diameter of 85 ± 7 nm.

Figure B.1: Representative TEM images of CNF fibers without any purification with
an average fiber diameter of 85 ± 7 nm.
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Based on the TEM imaging of the same CNF sample that was centrifuged and
washed with DI water five times (Figure B.2), the average fiber diameter decreased
to 40 ± 15 nm due to lose of fines during the purification process.

Figure B.2: Representative TEM images of CNF fibers after purification of
centrifugation and washing with DI water five times with an average fiber diameter
of 40 ± 15 nm.
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APPENDIX C
SEM ANALYSIS OF PIGMENT PARTICLE SIZE
To determine the average particle size of the various pigments used, SEM
imaging of each pigment was done. Using ImageJ, each image had an 8x10 grid placed
on top and the larger diameter of each particle that crossed the gird lines was
measured. With that, a size distribution graph for each pigment was created.
A representative SEM image of the GCC pigment is shown in Figure C.1. Based
on the size distribution of the pigment particles (Figure C.2), the average particle size
of the GCC pigment was 1.5 ± 0.2 μm with an aspect ratio of 1.7 ± 0.2.

Figure C.1: Representative SEM image of GCC pigment particles with an average
diameter of 1.5 ± 0.2 μm and an aspect ratio of 1.7 ± 0.2.
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Figure C.2: Size distribution graph of GCC pigment based on SEM imaging with and
average diameter of 1.5 ± 0.2 μm and an aspect ratio of 1.7 ± 0.2.
For the PCC pigment, the SEM imaging (Figure1 C.3) and the size distribution
of the pigment particles (Figure C.4), the average particle size of the PCC pigment was
2.1 ± 0.3 μm with an aspect ratio of 7.4 ± 0.3.

Figure C.3: Representative SEM image of PCC pigment particles with an average
diameter of 2.1 ± 0.3 μm and an aspect ratio of 7.4 ± 0.3.
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Figure C.4: Size distribution graph of PCC pigment based on SEM imaging with and
average diameter of 2.1 ± 0.3 μm and an aspect ratio of 7.4 ± 0.3.
The SEM imaging (Figure C.5) and the size distribution of the clay pigment
particles (Figure C.6), the average particle size of the clay pigment was 0.9 ± 0.2 μm
with an aspect ratio of 1.2 ± 0.3.

Figure C.5: Representative SEM image of clay pigment particles with an average
diameter of 0.9 ± 0.2 μm and an aspect ratio of 1.2 ± 0.3.
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Figure C.6: Size distribution graph of clay pigment based on SEM imaging with and
average diameter of 0.9 ± 0.2 μm and an aspect ratio of 1.2 ± 0.3.
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APPENDIX D
SEM IMAGING OF PAPER SUBSTRATES
To determine the surface pore structure of each substrate for comparison
purposes, the substrates was imaged using an SEM.

Figure D.1: SEM image of the surface of wood free paper.
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Figure D.2: SEM image of the surface of blotter paper.

Figure D.3: SEM image of the surface of newsprint.
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APPENDIX E
CLSM ANALYSIS OF COATING FORMULATION SOLIDS STUDY
To determine how the solids content of the coating formulation affected the
binder separation, in particular the deeper latex penetration into the newsprint
substrate, the GCC, PCC, and clay coating formulations were diluted to 50% solids
and coated on newsprint. The coatings were analyzed with CLSM imaging to
compare to the higher solids coatings seen in Chapter 5 Section 2.1.
Table E.1: Measured paper and coating thickness of the GCC, PCC, and clay pigment
coating on newsprint at a 50% solids content determined from CLSM imaging.

Pigment

Starch

Latex

Reflected

Coating

Thickness

Thickness

Thickness

type

[µm]

[µm]

[µm]

GCC

130 ± 30

130 ± 20

70 ± 10

1.1 ± 0.3

100 ± 20%

PCC

130 ± 10

100 ± 10

80 ± 20

1.3 ± 0.2

100 ± 10%

Clay

140 ± 20

90 ± 10

80 ± 20

1.0 ± 0.2

48 ± 10%
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Percent
S/L Ratio

Penetration
into Paper

Figure E.1: Representative CLSM images of GCC (a), PCC (b), and clay (c) pigment
coating with 10 pph binder coated on newsprint at a solids content of 50%.
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APPENDIX F
CLSM ANALYSIS OF DUAL PAPER SUBSTRATE COATINGS
To determine whether the complete water saturation of the substrate during
coating was the cause of the further latex penetration in the newsprint samples,
blotter paper was used as an additional region for the water to absorb into. For the
first coating system, the blotter paper was placed underneath the newsprint prior to
coating. For the second coating system, the blotter paper was placed on top of the wet
coated newsprint with subsequent blotter paper underneath the newsprint as well.

Figure F.1: Representative CLSM images of GCC pigment coating with 10 pph binder
coated on newsprint on top of blotter paper.
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Figure F.2: Representative CLSM images of starch and latex mixture coating with
coated on newsprint with blotter paper on top.

Figure F.3: Representative CLSM images of GCC pigment coating with 10 pph binder
coated on newsprint with blotter paper on top of coating.
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Table F.1: CLSM measured paper and coating thickness of the GCC pigment coating
on newsprint with blotter paper determined from CLSM imaging.
Pigment

Starch

Latex

Reflected

Percent

Coating

Thickness

type

[µm]

[µm]

[µm]

Newsprint on
top of blotter
paper

60 ± 10

40 ± 10

100 ± 10

1.5

35%

Blotter paper
on top of
coating on
newsprint

120 ± 10

80 ± 20

580 ± 20

1.5

N/A

Thickness Thickness S/L Ratio Penetration
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